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Abbreviations and Symbols 
 
a Spacing between two structures [m] 
A Area [m2] 
A0 Reference area, flat surface area [m
2] 
Asl Solid–liquid interface area at flat surface [m
2] 
Asv Solid–vapor interface area at flat surface [m
2] 




 Solid–liquid interface area at structured surface [m2] 
Asv
'
 Solid–vapor interface area at structured surface [m2] 
Alv
'
 Liquid–vapor interface area at structured surface [m2] 
b Width of the structures [m] 
Cdl  Double layer capacitance [F/m
2] 
Cnon  Capacitance of the non-wetting area [F/m
2] 
D Fractal dimension [–] 
E Surface free energy [N∙m] 
'E  Structured surface free energy [N∙m] 
'
WE  Structured surface free energy at Wenzel state [N∙m] 
'
CE  Structured surface free energy at Cassie-Baxter state [N∙m] 
'
PE  Structured surface free energy at Partial wetting state [N∙m] 




f Effective wetting ratio [–] 
f Frequency [Hz] 
h Height of the structures [m] 
he Equivalent height of pores [m] 
j Unit of the imaginary part [–] 
lp Perimeter of the pore orifice [m] 
m Mass [kg] 
Nr Particle number of liquid inside nanostructures [–] 
Ns Particle number inside nanostructures corresponding to saturated liquid [–] 
rw Area ratio of structured to planar surface [–] 
R Radius of droplet [m] 
Rct  Charge transfer resistance [Ω∙m2] 
Rs  Solution resistance [Ω∙m2] 
Ra Surface roughness [m] 
s Size parameter being equal to a+b [m] 
V Volume [m3] 
Z Impedance [Ω∙m2] 
Zre Real part of impedance [Ω∙m2] 
Zim Imagery part of impedance [Ω∙m2] 
|Z| Impedance modulus [Ω∙m2] 
|Z0| Reference impedance modulus [Ω∙m2] 
|ZCdl| Impedance of double layer capacitance, flat surface impedance [Ω∙m2] 
α Specific angle between inclined surface and flat surface [°] 
γsv Solid–vapor surface energy [N/m] 




γsl Solid–liquid surface energy [N/m] 
γlv Liquid–vapor surface energy [N/m] 
θ Apparent contact angle [°] 
θC  Apparent contact angle of the Cassie–Baxter state [°] 
θP  Apparent contact angle of the partial wetting state [°] 
θW  Apparent contact angle of the Wenzel state [°] 
θY Young’s contact angle [°] 
σ Standard deviation [–] 
ω angle speed [rad/s] 
Φ solid fraction [–] 
Φsl the ratio of the solid–liquid interface area to the apparent contact area [–] 
Φlv the ratio of the liquid–vapor interface area to the apparent contact area [–] 
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The physics of wetting is concerned with a phenomenon involving the interaction of solid 
phase, liquid phase, and gas phase, typically described as the ability of a liquid to maintain 
contact with a solid surface. When a liquid droplet contacts with a solid substrate, it will 
either remain as a liquid sphere or spread out to form a thin liquid film.  
The wetting behavior is not only a common phenomenon in nature, but also intensively 
explored and accelerated by discoveries of unique wetting phenomena in experimental 
research domain such as high-performance nano/microscale thermal fluidic systems [1-
13], membrane electrode assemblies for micro fuel cell systems [14-16], liquid 
transportation [17-19], anti-corrosion [20,21], anti-icing [22-24], and water collection [25, 
26]. Basically, the wettability can be controlled by varying surface physical morphology 
and chemical composition to fabricate surfaces in different contact angles (CA): 
hydrophilic (CA < 90°), superhydrophilic (CA < 10°), hydrophobic (CA > 90°) and 
superhydrophobic (CA > 150°) surfaces [27-34]. 
The wetting properties of solid surfaces are determined by its physical and chemical 
properties directly. Regarding to the effect of surface chemical composition on wettability, 
Langmuir, who first studied the importance of surface energy to the wettability, reported 
in 1920 that an absorbed monolayer of an organic compound could totally change the 
frictional and wetting properties of solid surfaces [35]. This finding led to the widespread 
use of chemical modification to control the surface wettability to achieve the 
superwettability including superhydrophobicity and superhydrophilicity at the structured 
surface [36-40]. However, for the chemical modification at the flat surface, certain 
limitations are encountered and superwettability surfaces cannot be obtained only by 
decreasing or increasing the surface energy. For example, the –CF3– terminated surface 
was reported to possess the lowest free energy to obtain the best hydrophobicity, but the 
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maximum contact angle on flat surfaces could only reach 120° [41]. Thus, only the 
variation of chemical property is not enough to achieve the whole range of wettability. 
One of the other ways to improve the hydrophobic or hydrophilic properties is to 
change the surface topography. In 1940s, Wenzel, Cassie and Baxter first proposed their 
models theoretically to investigate the effect of roughness on the surface wettability. 
Subsequently, the significance of physical morphology (nano/microstructures) on surface 
wettability was confirmed in recent decades. One of the most famous cases is the 
investigation of the wetting mechanism of lotus leaf. In 1997, Barthlott and Neinhuis first 
revealed the superhydrophobicity of lotus leaves was caused by the combination of 
microscaled papillae structures and the coated wax layer, and then proposed a mono-
microstructured model [42]. However, numerical calculation indicates that the CA could 
only reach a maximum of about 147° according to this model, much smaller than the 
experimental value. To clarify the mechanism of superwettability on lotus leaf surface, in 
2002, Jiang et al. [43] discovered that there are nano branch structures on the top of the 
micro papillae and formed nano/micro hierarchical structured surface, which were 
demonstrated as the important factor in allowing lotus leaves to achieve both high static 
water contact angles and low adhesion.  
As a result, the studies of surface physical morphology and chemical composition are 
both necessary to understand the mechanism of wetting behavior, further to obtain the 
whole range of wettability: from superhydrophilic to superhydrophobic. 
Superhydrophilic Hydrophilic Superhydrophobic Hydrophobic 
CA < 10° CA < 90° CA > 90° CA > 150° 
Hydrophobicity 
Hydrophilicity 
θ θ θ θ 
Figure 1-1 Schematics of droplets on the solid surface in different wettability. 
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1.1 Nature wetting phenomena and applications 
1.1.1 Wetting in nature 
The surface wettability is not only controlled by the intrinsic surface energy but also 
(a) (b) (c) 
(d) (e) 
(f) (g) 
Figure 1-2 Nature phenomena with hydrophobic and hydrophilic property: (a, b, c) Lotus 
leaves demonstrate superhydrophobic and self-cleaning properties [44], (d) A photograph 
of antifogging mosquito eyes [47] (e) Directional water transport on the surface of rice 
leaf [38]. (f, g) Optical images of a pitcher of Nepenthes alata and a droplet directionally 
transported from the inner side to the outer side [52]. 
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related to the surface physical morphology. It is also the case for the special wettability 
that has been frequently observed in nature. Figure 1-2 and Table 1-1 list several examples 
with special surface wettability in nature, which supply great inspiration for the 
fabrication of functional artificial surfaces. 
Table 1-1 Examples of biological surfaces with superwettability in nature 
Hydrophobic 
Year Author Examples Reference 
1944 Fogg & Cassie Wheat leaves [45] 
1945 Fogg & Cassie Ducks’ feathers [46] 
1997 Barthlott et al. Lotus leaves [42] 
2007 Gao et al. Mosquito eyes [47] 
2015 Wang et al. Water strider legs [48] 
Hydrophilic 
1970 Lemp et al. Cornea surfaces [49] 
2009 Liu et al. Fish scales [39] 
2010 Zheng et al. Spider silk [50] 
2013 Federle et al Tree frogs [51] 
2016 Chen, et al. Nepenthes [52] 
1.1.2 Fabrication and applications 
On the one hand, the hydrophobicity of solid surfaces has gained enormous interest during 
a long period and exhibit a wide domain of applications. The utilization of the 
hydrophobic surfaces mainly focuses on the self-cleaning, oil-water separation, anti-
freezing, anti-corrosion, and other fields, as shown in Table 1-2. 
For the fabrication of the hydrophobic surfaces, various methods including physical, 
chemical, and the combination of physical and chemical techniques were proposed and 
developed. In 1923, Coghill and Anderson first reported that rough galena surfaces 
modified by stearic acids have a high WCA of about 160° [53]. Followed by their smart 
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works, the study of hydrophobic surfaces has received great attention in the last hundred 
years, especially in recent decades. In 1990, Morra et al. applied the plasma treatment 
method to fabricate roughness structures on the polytetrafluoroethylene (PTFE) 
substrates and obtained superhydrophobic surfaces [54]. After then, in 1996, the first 
synthetic superhydrophobic surfaces with a WCA near 180° were fabricated using a 
bottom‑up strategy to introduce roughness onto alkylketene dimer films [55]. In 1997, 
Minami et al. first applied the sol-gel method for the fabrication of superhydrophobic 
surface and obtained flower-like porous alumina structures [56]. In 2003, Li et al. 
fabricated superhydrophobic ZnO structured surface by the combination of 
electrochemical deposition and modification method [57]. In the same year, Erbil et al. 
applied the evaporation method and fabricated superhydrophobic porous structured 
isotactic polypropylene films from P-xylene solvent [58]. In 2004, Jiang et al. obtained a 
superhydrophobic film composed of porous microparticles and nanofibers by electrostatic 
spinning and spraying a poly styrene-b-dimethylsiloxane solution in dimethylformamide 
[59]. Following, Lu et al. proposed a simple and inexpensive method to produce a highly 
porous superhydrophobic polyethylene surface with a water contact angle of 173° [60]. 
The above mentioned studies are generally concluded all the typical traditional 
fabrication methods of the superhydrophobic surface. 
However, considering the environment pollution of the low surface energy materials, 
researchers start to fabricate superhydrophobic surface without functionalization with low 
surface energy coatings. Jiang et al. reported that oxide nanorods films exhibit 
superhydrophobic property due to the low surface energy of the crystal plane of the 
nanorods on the surface [61-63]. Furthermore, in recent years, pulsed laser fabrication 
method has been active to achieve hydrophobicity/superhydrophobicity after exposuring 
the structured surfaces to ambient air [64-68].  
On the other hand, with the increasing demand for the functional materials in water 
treatment, anti-fogging, anti-frosting, and biomedical applications, the fabrication of 
hydrophilic surfaces also received great attentions. The first fabrication of 
superhydrophilic surfaces can be traced back to silicon wafer pretreatment in 1959 [69]. 
Due to the low operation cost and high efficiency, the ultraviolet irradiation method has 
become the most common method to fabricate the hydrophilic and superhydrophilic 
surfaces. In 1997, Fujishima et al. prepared another type of superhydrophilic surface by 
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photo irradiation of TiO2 coated surfaces [70]. Subsequently, their group found photo 
induced superhydrophilic phenomenon involving TiO2 with a low WCA of about 0°, 
showing self-cleaning and antifogging property [71]. Such surfaces with hydrophilic 
property produce a completely water spreading property, which also dominated by both 
surface free energy and surface geometrical structure.  
Consequently, both of the hydrophobicity and hydrophilicity of the solid surfaces are 
dominated by their surface physical morphology and chemical composition. Therefore, 
controlling one of these two factors can be used to adjust the surface wettability. 
Table 1-2 Examples of application for the superwettability surfaces 
Hydrophobic 
Year Author Examples Reference 
1907 Ollivier et al. Antiwetting soot– lycopodium mixture [72] 
2004 Sun et al. Switchable superhydrophobic surfaces [73] 
2004 Feng et al. Oil–water separation [74] 
2010 Mishchenko et al. Anti-icing & anti-freezing [22] 
2014 Tian et al. Janus membrane [17] 
2019 Xiang et al. Anti-corrosion [75] 
Hydrophilic 
Year Author Examples Reference 
1997 Fujishima et al. Superamphiphilic TiO2 surfaces [71] 
2009 Liu et al. Cell capture on superhydrophilic surfaces [76] 
2011 Xue et al. Underwater superaerophobic surfaces [77] 
2011 Wong et al. Liquid-infused slippery surfaces [78] 
2012 Vakarelski et al. Improvement of boiling heat transfer [79] 
2018 Nagayama et al. Drug reduction [19] 
2018 Geng et al. Unidirectional water delivery [80] 
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1.2 Theoretical models 
1.2.1 Classical wetting states 
Theoretical study of wetting behavior and wettability can be traced back to over 200 years 
ago. In 1805, Thomas Young first proposed the concept of contact angle to define the 
value of surface wettability on the flat surface [81]. One century later, the theoretical 
framework of wetting was developed by Wenzel, Cassie and Baxter. In 1936, Wenzel first 
proposed the correlation between the macroscopic surface roughness and contact angle, 
also explained the mechanism of how surface roughness can improve the hydrophobicity 
[82]. In 1944, Cassie and Baxter extended Wenzel’s theory to the porous surfaces and 
described a composite wetting state where the liquid phase is suspended on the top of the 
asperities with a gas phase trapped in between [83]. 
From the macroscopic viewpoint, surface wettability is usually evaluated by contact 
angle. As shown in Figure 1-2, for flat surface, the contact angle θY is predicted by 









  (1-1) 
where γsl, γsv, and γlv denote the interfacial surface tension of the solid–liquid, solid–vapor, 
and liquid–vapor systems, respectively [81]. 
However, Young's equation presumes an ideal system with a perfectly smooth and 
homogeneous surface. For the rough and structured surface, based on Young's equation, 
Wenzel proposed a fully wetting state, while Cassie and Baxter put forward a non-wetting 
state. Figures 1-3 and 1-4 show schematics of droplets on structured surfaces in the 










Figure 1-2 Schematic of a droplet on flat surface in Young’ model. 
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surface, the effective wetting area is increased in the Wenzel state but decreased in the 
Cassie–Baxter state.  
In the Wenzel model, the contact angle θW at a structured surface is calculated by  
W w Ycos cosr   (1-2) 
where rw is the ratio defined as the structured surface area to the corresponding flat surface 
area [82]. In the Wenzel state, the surface wettability mainly depends on the rw. For the 
solid surface with θY > 90°, the apparent contact angle increases with the increasing of 
rw. Otherwise, the apparent contact angle decreases with the increasing of rw for the 
surface with θY < 90°. As a result, the hydrophilic surface will be more hydrophilic while 
the hydrophobic surface will be more hydrophobic with the increasing of rw. The detailed 
derivation process of the Wenzel model is shown in section 2.2.2. 
On the other hand, the Cassie–Baxter approach could be applied generally to 
heterogeneous surfaces made of two species, each characterized by its own contact angle 
θ1 and θ2 respectively. The f1 and f2 are denoted by the fractions of the surface area 
occupied by each of the species [83]. 























Figure 1-3 Schematic of a droplet on structured surfaces in Wenzel state. 
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For the solid–liquid–vapor system (species 1 is solid and species 2 is air), Cassie 
simplified the Cassie–Baxter equation (the apparent contact angle for air is 180°) and 
talked about the situations in which the liquid floats on top of the asperities, and the vapor 
phase is trapped beneath the liquid. The contact angle θC is satisfied as follows, 
 C Ycos cos 1 cos180        (1-4) 
where Ф and (1–Ф) are the area fractions of the solid and vapor, respectively, on the 
surface. The detailed derivation process of the Cassie–Baxter model is shown in section 
2.2.3. 
1.2.2 Intermediate wetting state 
 
Figure 1-5 Schematic of a droplet on structured surfaces in partial wetting state. 
Regarding the effect of physical morphology on wettability, Wenzel model represents the 
fully-wetted state, while Cassie–Baxter model describes the non-wetted state on rough 
surfaces [82,83]. However, a perfect state of Wenzel or Cassie–Baxter model is rare in 
real situations and a number of experimental static water contact angles disagree with 
either the theoretical Wenzel contact angles or the Cassie–Baxter ones [84]. An 
intermediate state, i.e., the mixed-wetting state or the partial wetting state, exists between 
the Wenzel and Cassie–Baxter states. Effective wetting ratio f has been initially 
introduced as a dominant factor for the partial wetting model, which represents the 
proportion of liquid wetting into the structure with values ranging between those of the 
classical models (non-wetted Cassie–Baxter state = 0; fully wetted Wenzel state = 1) 
(Figure 1-5). To obtain a clear understanding of wetting behavior on the structured surface, 
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intermediate state are necessary. 
To date, wetting is commonly described by the contact angle or contact angle hysteresis, 
placing less emphasis on the detailed wetting state or effective wetting area (i.e. real 
contact area) in the vicinity of the solid–liquid–vapor interface. A significant number of 
studies have been conducted on the intermediate state, while most of the literature have 
focused on the dynamic intermediate state, i.e. the wetting transition between Wenzel and 
Cassie–Baxter models. Based on the energy analysis of the systems consisting of 
structured surface and droplets in Wenzel and Cassie–Baxter states, Quéré et al. [85, 86] 
obtained the critical contact angle θcritical to determine if the Cassie–Baxter state is stable 
or metastable. θcritical is fixed by the texture design and can be written as
critical w(1 ) / ( )r     . As shown in Figure 1-6, when the contact angle is larger than 
the critical contact angle (θcritical<θ<180°), the Cassie–Baxter state is stable, vice versa, 
the Cassie–Baxter is metastable when 90°<θ<θcritical and easy to translate to Wenzel state. 
To determine the detailed wetting transition process, numerous theoretical studies have 
focused on the transition condition. In 2003, Patankar et al. [87, 88] proposed a 
methodology based on energy balance and found that the energy barrier between Cassie–
Baxter state and Wenzel state can be obtained from the maximum energy of intermediate 









Figure 1-6 The two models of superhydrophobicity [58]. 
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the liquid–solid contact is yet to be formed at the bottom of the valleys. Furthermore, the 
energy of the droplet increases with the decrease of distance between liquid surface and 
the bottom of the grooves. Besides, Murakami et al. [89] proposed a model of estimation 
the energy barrier in the dynamic wetting transition from the Cassie–Baxter state to the 
Wenzel state and found that the wetting transition occurred when the energy barrier was 
of the same order of magnitude as external forces. Based on the molecular dynamic (MD) 
simulation method, Koishi et al. [90] found that the transition between the Wenzel and 
Cassie–Baxter models can be strongly affected by physical conditions such as structure 
height, pillar spacing, and intrinsic contact angle. Khan et al. [91] found the crossover 
behavior of water droplet's state from the Wenzel state to the Cassie–Baxter state and 
demonstrated the phantom-wall method to evaluate free energy of intermediate wetting 
states. Chen et al. [92] studied the wetting behavior of a droplet on nanostructured pillar 
surface and found the equilibrium state is dependent on the initial state. Differ from the 
MD method, Fernandes et al. [93] developed a theoretical continuous model and applied 
Monte Carlo simulation method to study the transition between the Cassie–Baxter and 
the Wenzel state during evaporation experiment. Moreover, Hensel et al. [94] used the 
numerical finite element method simulations to study the wetting resistance during the 
wetting transition based on the analysis of special structured surface. 
In order to track the wetting transition process experimentally, various methods were 
employed [95-98]. For example, Ren [95] used the climbing string method to study 
wetting transitions on rough surfaces and accurately computed translation states; he 
observed that wetting is initiated by the infiltration of liquid into a single cavity. Dufour 
et al. [96] used acoustic tracking to monitor Wenzel and Cassie–Baxter composite wetting 
states without direct access to the droplet. The process is a forced dynamic wetting 
transition accompanying with a time dependent contact angle. It occurs under external 
stimuli, showing a dependence on the degree of the driving force (to provide activation 
energy to overcome the transition barrier). That is, the wetting transition will not occur 
spontaneously and a time-independent wetting state will be kept for a droplet under 
equilibrium condition [85, 99, 100]. That is, the static contact angle plays important role 
to describe the intrinsic wettability of a given solid–liquid system. 
Moreover, the experimental static water contact angles disagree with either the 
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theoretical Wenzel contact angles or the Cassie–Baxter ones [88, 101-105]. For example, 
the experimental water contact angles conducted by Erbil et al. at superhydrophobic 
surfaces were larger than those predicted by Wenzel or Cassie–Baxter models [104, 105]. 
Significant deviations between the experimental and the theoretical results also have been 
reported [88, 101-103], showing that the WCAs are larger than the Wenzel one but smaller 
than the Cassie–Baxter one, implying an intermediate wetting state between Wenzel and 
Cassie–Baxter states. 
For the study of static intermediate wetting state, Miwa et al. first proposed a 
mix-wetting state and Marmur discussed in more details later [106, 107]. Further 
studies conducted by Luo et al. [108, 109] found that the stable intermediate wetting 
state exists at the micropillar surfaces. Also, for the microchannel structured surface, 
water does not completely fill the microchannels or the single corner, and air pockets still 
exist at the channel corners or on the single corner, indicating a stable wetting state [110]. 
Yang et al. [101] discussed intermediate wetting state based on the Gibbs's interfacial free 
energy principle and they also observed a static intermediate wetting state on anodic 
aluminum oxide film surfaces. Wang et al. found the droop of droplet in the center of 
square pillars and result in the apparent contact angle deviated from the Cassie–Baxter 
model. The presence of the droop indicates the wetting state is an intermediate state, 
which is mainly determined by surface effects and hydrostatic pressure [102]. Liu. et al. 
found the combined Cassie–Baxter/Wenzel state, which can be described as a non-
uniform intermediate wetting state, created when a droplet is condensed on a lotus leaf 
surface [103]. These studies provided sufficient evidences on the existence of the static 
Figure 1-7 Stable intermediate states were observed after the water drop had contact 
with the bottoms of the microchannels. [110] 
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intermediate wetting state at the structured surfaces as summarized in Table 1-3. However, 
the underlying mechanism of the stable intermediate wetting state is not clear and a 
general model is necessary to describe the static contact angle for the intermediate wetting 
state. Furthermore, the experimental determination of the effective wetting area/ratio at 
structured surface for the partial wetting model is still open for questions.  
To overcome these limitations, optical techniques have been proposed to visualize the 
air pockets trapped between the structures. Sakai, M. et al. evaluated the surface air layer 
on the superhydrophobic surface using a laser beam method [111]. Papadopoulos, P. et al 
studied the wetting state inside of structures by the observation of the water–air interface 
using confocal microscopy method [112]. Based on the confocal microscopy technique, 
Daniel, D. and co-workers examined the solid–liquid contact area using the confocal 
optical interferometry from the bottom of the transparent substrate [113]. These 
approaches offered favorable conditions to gain deeper insight into the wetting behavior 
inside of structures. However, the optical methods are limited to transparent materials and 
neither of these techniques provides effective wetting area information. Thus, a direct 
measurement to determinate the effective wetting area is required to get a better 
understanding on wetting at structured surface. 
Our goal in this thesis is to describe the details about the intermediate wetting state 
between fully wetted Wenzel model and non-wetted Cassie–Baxter model. We studied 
the partial wetting model from both theoretical and experimental directions. 
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Table 1-3 Summary of the major study on intermediate wetting state. 
Dynamic (wetting transition) 
Year Author Methods Major work Reference 
2002 Quéré et al. Thermal dynamic 
analysis & 
experimental method 
Proposed the Critical 
contact angle of wetting 
transition 
[85, 86] 
2004 Patankar et al. Thermal dynamic 
analysis & 
experimental method 
Proposed the maximum 
transition energy barrier [87, 88] 
2009 Koishi et al. Molecular dynamic 
simulation 
Transition affected by 
physical conditions 
[90] 
2012 Dufour et al. Experimental 
method 
Proposed a method to 
track wetting transition 
[96] 
2014 Ren et al. Numerical method 
Compute the transition 
states 
[95] 








Year Author Methods Major work Reference 
2013 Liu et al. Experimental & 
Numerical method 
Condensation-induced 





Luo et al. Numerical & 
experimental method 
Stable intermediate 








wetting state at the nano 
porous surfaces 
[101] 
2016 Wang et al. Experimental 
method 
Stability of a water 
droplet on micropillared 
hydrophobic surfaces 
[102] 
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1.3 Outline of this thesis 
This thesis demonstrates a fundamental study of wetting behavior and static intermediate 
wetting state. One the one hand, an emphasis is put on the theoretical study for better 
understand the physics of intermediate wetting state as well as the difference with those 
classical Wenzel and Cassie–Baxter states. On the other hand, the wettability of structured 
surface is experimentally measured and the comparisons between theoretical wetting 
models and experimental results are performed.  
Chapter 2, theoretical study. In this chapter, we discuss the thermodynamic property of 
different wetting states and derive the partial wetting model (intermediate wetting state) 
by minimizing the surface free energy of a system formed by flat/structured surface and 
droplet. In particular, we study both the connection and the difference between our partial 
wetting model to those classical Young’s model, Wenzel model (fully wetting state), 
Cassie–Baxter model (non-wetting state). 
Chapter 3, fabrication methods and surface characterization. In this chapter, we present 
the experimental setup and the fabrication methods of structured surfaces. Anodization, 
chemical etching, microfabrication and other methods are applied to fabricate 
nano/microstructured surfaces on both Si and Al substrates. Besides, to clarify the surface 
morphology, scanning electron microscope images and confocal laser scanning 
microscope images are investigated and the surface structural parameters are analyzed.  
Chapter 4, wettability study. In this chapter, we measure the water contact angle on the 
flat/structured Si and Al surfaces. In order to investigate the effect of surface physical 
morphology on wettability, the correlation between surface solid fraction and water 
contact angle is described. Moreover, the comparisons of surface wettability between both 
experimental water contact angles and theoretical wetting models are studied. 
Chapter 5, electrochemical impedance study. In this chapter, the correlation between 
surface wettability and electrochemical impedance is studied. The theoretical partial 
wetting model is applied to the equivalent electrical circuits for the electrochemical 
impedance analysis to estimate the effective wetting area of nano/microstructured 
surfaces. 
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Chapter 6, conclusions and outlook. We summarize the results obtained and briefly 
outline the future work. 
 
Chapter 2. Theoretical model of intermediate wetting state at structured surface 








Surface wettability has attracted considerable scientific interest in various research fields. 
For a static droplet on a flat surface, according to Young’s equation [81], the contact angle 
can be determined by a balance of surface tensions at the triple-phase contact area. Also, 
a thermodynamic derivation using the minimization of the total surface free energy of the 
droplet–solid surface system is available to obtain Young’s equation instead of tension 
vectors. For a static droplet on the structured surfaces, both the fully wetted Wenzel model 
and non-wetted Cassie–Baxter model have been proposed based on Young’s equation 
[82,83]. However, the validity of the existing classical descriptions is questionable in 
application to a general real surface or a surface with nano/microstructures. 
A general theoretical model of intermediate wetting state for the static contact angle is 
possible to be obtained by minimizing the surface free energy of a system consisting of 
structured surface and single droplet. In the past few decades, thermodynamic analysis of 
solid surface–single droplet system based on the minimum energy principle, has been 
applied to derive the theoretical wetting models. On the one hand, for the wetting behavior 
of flat surfaces, Poynting and Thomson first derived Young’s equation from the free 
surface energy consideration [114]. Followed their work, Roura et al. derived the Young’s 
equation based on the energy balance analysis near the contact line [115]. On the other 
hand, for the structured surface, Marmur discussed the Wenzel and Cassie–Baxter 
equations from proper mathematical thermodynamic perspective to understand the 
detailed wetting state at hydrophobic rough surfaces [107]. McHale derived the Wenzel 
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and Cassie–Baxter equations by the minimum energy principles under the assumption 
that the droplet retains an average axisymmetry shape [116]. Li et al. proposed a 
thermodynamic analysis to simplify calculations of free energy associated with contact 
angle hysteresis phenomena [117]. Furthermore, the investigation of wetting state of 
hierarchical structured surface is paying increased attention in recent years. Sajadinia et 
al. proposed a combination model of the Wenzel and Cassie–Baxter states for the dual 
scale structures consisting of nanopillars and micropillars [118]. Since the sidewalls at 
the dual scale structures were assumed to be flat in the combination model by Sajadinia 
et al., Wu et al. performed numerical simulations including the structured sidewalls, 
showing a result of significant enhancement on superhydrophobic stability [119]. These 
previous studies provide the methodologies on the energy minimization analysis at the 
nano/microstructured surfaces, while the wetting states are limited to various 
combinations of the full wetting (Wenzel) and the non-wetting (Cassie–Baxter) states. 
In this chapter, we adopt the surface energy minimization method for the total surface 
energy of structured surface–single droplet system in the intermediate wetting state to 
derive an equation for interpreting the partial wetting at structured surfaces. Also, the 
comparison between our partial wetting model and the classical wetting models is 
performed. 
2.2 Derivation of wetting models 
From the macroscopic viewpoint, surface wettability is usually evaluated by contact angle. 
For flat surfaces, the contact angle θY was predicted by Young’s equation in a solid–
liquid–vapor system. For the rough and structured surface, Wenzel proposed a fully 
wetting model while Cassie and Baxter put forward a non-wetting model. Figure 2-1 (a) 
(a) (b) (c) 
Figure 2-1 Schematics of wetting states on structured surfaces for: (a) Wenzel 
model, (b) Cassie–Baxter model, (c) partial wetting model. 
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and (b) show schematics of the fully wetted Wenzel and non-wetted Cassie–Baxter states. 
However, the validity of these classical descriptions remains questionable in 
nano/microscale system applications for real, rough surfaces, and the explanation for the 
existing static intermediate state is insufficient.  
To obtain a better understanding of the static intermediate wetting state, Nagayama et 
al. [120] first proposed a partial wetting model at the structured surface (Figure 2-2), 
initially based on molecular dynamics simulations method and defined the filling ratio f 
in the concave volume between the nanostructures as r s/f N N . Here, Nr is the liquid 
particle number in a three-dimensional concave volume between the nanostructures, and 
Ns is particle number inside concave volume between the nanostructures corresponding 
to saturated liquid, Ns=ρsatV/m, where ρsat is the saturation density of liquid phase, V is 
the concave volume between the nanostructures and m is the mass per liquid molecule. 
Therefore, the liquid contacting area ratio Фsl is equal to  2 /b a h f s     and non-
contacting area ratio Фlv is   2 1 /a h f s    . As shown in Figure 2-1 (c), the 
proposed model describes the degree of wetting in the concave volume of surface 
structures by applying liquid wetting ratio and contact angle as follows,  
sl Y lvcos cos cos180       (2-1) 
where Фsl and Фlv are the area ratio of the solid–liquid and liquid–vapor interface to the 
flat surface, respectively. 
In order to verify the validity of energy minimization method and obtain a general 
wetting model to describe the intermediate wetting state, the thermal dynamic method is 




Figure 2-2 Size parameters of nanostructures at the solid surface [120]. 
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2.2.1 Derivation of Young’s model 
Suppose a droplet of liquid is placed on a perfectly smooth solid surface as shown in 
Figure 2-3, under the assumption of zero gravity and ideal thermal equilibrium in the 
system. The volume of the droplet V is 













     (2-2) 
where R is the radius of the droplet and  is the apparent contact angle. For the flat surface, 
based on the force balance equation at the triple phase contact line, the contact angle θY 









  (2-3) 
where γsl, γsv, and γlv denote the interfacial surface tension of the solid–liquid, solid–vapor, 
and liquid–vapor systems, respectively. The areas of the solid–liquid interface Asl, the 
solid–vapor interface Asv, and the liquid–vapor interface Alv are 
 
2
sl sinA R    
sv slA A A   
 2lv
0
2 sin ( ) 2 1 cosA R d R R











Figure 2-3 Schematic view of a droplet on flat surface. 
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where A is the total area of solid surface. 
The total surface energy of the droplet–flat surface system can be written as 
 
     
sl sl sv sv lv lv
sl sl sv lv lv sv
2 2
sl sv lv sv
   
   sin 2 1 cos




   
     
  
   
      
 (2-5) 
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 (2-7) 











22 3 2d 1 cos (2 cos ) π sin (1 cos )dR R R           (2-8) 
Dividing both side by dR is written as 
 











 can be derived from dV = 0 at the equilibrium state 
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then, 
d (1 cos )(2 cos )







Substituting Eq. (2-11) into Eq. (2-7) gives 
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 (2-14) 
The variation of energy is equal to zero at the equilibrium state (dE=0), 
 sl sv lv
1 cos 1 cos
2π 2π cos
1 cos 1 cos
R R
 















   (2-16) 
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2.2.2 Derivation of Wenzel model 
Similar to that of the flat surface, the total energy of the system for a droplet on the 
structured surface becomes 
sl sv lv
' ' ' '







 are the areas of solid–liquid interface, solid–vapor interface, and 
liquid–vapor interface at the structured surface, which are depending on the wetting state. 
For the fully wetting state of the Wenzel model (Figure 2-4), solid–liquid interface area 
A'Wsl increases to a maximum area Asl×rw. Here, rw is defined as the surface area increment 
ratio. By contrast, the solid–vapor interface area A'Wsv decreases to a minimum area A×rw–
Asl×rw. And the liquid–vapor interface area A
'
Wlv is the same as the flat surface Alv. The 












lv 2π 1 cosA A R     (2-18) 
The total surface energy of the structured surface–single droplet system in Wenzel state 
E'W is, 
Wsl Wsv Wlv
' ' ' '
W sl sv lvE A A A      (2-19) 
That is 
A'Wsl 
Figure 2-4 Schematics of a Wenzel state droplet on structured surfaces. 
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      2 2' 2W w sl w w sv lvπ sin π sin 2π 1 cosE R r Ar R r R           (2-20) 
The variation of energy dE'w is 
 
' 2 2
W w sl sv
2
lv
d ( )(2π sin d 2π sin cos d )
          4π 1 cos d 2π sin d
E r R R R
R R R
     
   
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 (2-21) 
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and the Wenzel model is derived as 
w w Ycos cosr   (2-25) 
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2.2.3 Derivation of Cassie–Baxter model 
 
For the non-wetting state of Cassie–Baxter model (Figure 2-5), ACsl
'
 decreases to a 
minimum area AslФ. Here, Ф is defined as the area ratio of the wetted surface to the flat 
surface (hereafter referred to as the solid fraction of the structured surface). The the areas 
of solid–liquid interface, solid–vapor interface, and liquid–vapor interface for the Cassie–
Baxter state are 
Csl
' 2




w Csl w π sinA Ar A Ar R       
       
Clv
2' 2
lv sl 1 2π 1 cos π sin 1A A A R R           (2-26) 
The total surface energy of the structured surface–single droplet system in Cassie–
Baxter state E'C is, 
Csl Csv Clv
' ' ' '
C sl sv lvE A A A      (2-27) 
That is, 
' 2 2
C sl w sv
2 2
lv
π( sin ) [ π( sin ) ]
         [2π (1 cos ) π( sin ) (1 )]
E R Φ Ar R Φ
R R Φ
   
  
  
   
 (2-28) 











Figure 2-5 Schematics of a Cassie–Baxter state droplet on structured surfaces. 
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Eq. (2-30) can be simplified as  
 sv sl lv( ) cos 1            (2-31) 
and the Cassie–Baxter model is derived as  
 C Ycos cos 1 cos180        (2-32) 
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2.2.4 Derivation of partial wetting model 
 
For the intermediate wetting state of partial wetting model (Figure 2-6), Defining f as the 






 can be written as  
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lv sl 1 1A A A f     (2-33) 
and the total energy of the system E'P is 
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 (2-34) 
The variation of energy is equal to zero at the equilibrium state (
'




Figure 2-6 Schematics of a partial wetting state droplet on one-scale structured 
surfaces. 
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 into Eq. (2-36), we can obtain 
   w sv sl lv( ) ( ) cos (1 )(1 )r f f              (2-37) 
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 (2-38) 
Here, we define the Фsl as the ratio of the solid–liquid interface area to the apparent 
contact area (=Asl/A), and Фlv as the ratio of liquid–vapor interface area to the apparent 
contact area (=Alv/A). The results of Asl/A and Alv/A can be written as Ф+(rw–Ф)f and (1–
Ф)(1–f), respectively. Thus, the Eq. (2-38) is simplified as follows 
sl Y lvcos cos cos180       (2-39) 
As shown in Figure 2-7, Фsl results in the surface area increment ratio rw 
(=Asl/A=Ф+(rw–Ф)×1) for the Wenzel state; the solid fraction Ф (=Asl/A=Ф+(rw–Ф)×0) 
for the Cassie–Baxter state. Also, Фlv results in 0 for the Wenzel state, while results in 1–
Ф for the Cassie–Baxter state. That is, for the intermediate state of partial wetting, 
Ф<Фsl<rw, while 0<Фlv<1–Ф. 
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Figure 2-7 Schematics of the wetting models on structured surfaces: (a) Wenzel 
model, (b) Cassie-Baxter model, (c) partial wetting model for one-scale structured surface 
and (d) partial wetting model for dual-scale structured surface. The red and blue lines 
indicate the ratio of the solid–liquid interface and liquid–vapor interface, respectively. 
Фsl and Фlv are proposed for a general wetting state which might be a uniform partial 
wetting state or a mixed partial wetting state as shown in Figure 2-7 (c). For a surface 
with given structural parameters of Ф and rw, the theoretical contact angle can be 
described by Eq. (2-39). However, the effective wetting ratio f shown in the above 
equations is an unknown factor. An empirical method to determine f will be discussed in 
the experimental section in chapter 4. 
The intermediate state of partial wetting at nano/micro hierarchically structured 
surfaces is shown in Figure 2-7 (d). The ratio of the solid–liquid interface area to the 
apparent contact area for the hierarchical structured surface becomes Фsl1×Фsl2 and that 
of the liquid–vapor interface area to the apparent contact area becomes Фlv1+Фsl1×Фlv2. 
Here, Фsl1 andФlv1 are the area ratios of the solid–liquid and liquid–vapor interface to the 
flat surface at the primary structure and Фsl2, Фlv2 are those at the secondary structure. 
Considering the similarity of the wetting state between the primary structures and the 
secondary structures, where Фsl1=Фsl2=Фsl and Фlv1=Фlv2=Фlv, the ratio of the solid–liquid 
interface area to the apparent contact area for the hierarchical structured surface becomes 
Primary structure 
solid–liquid interface  
liquid–vapor interface  
Secondary structure 
(d) 
(a) (b) (c) 
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Фsl×Фsl, and that of the liquid–vapor interface area to the apparent contact area is 
Фlv+Фsl×Фlv. Therefore, the contact angle of a nano/micro hierarchically structured 
surface can be used in the following equation. 
 22 sl Y lv sl lvcos cos cos180          (2-40) 
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2.3 Modified partial wetting model for specific structured 
surface 
As a demonstration, we applied three-dimensional structured surfaces to the theoretical 
analysis of the partial wetting model and the experimental verification for discussion. 
2.3.1 Pore structured surface 
Table 2-1 Ф and rw for different pore structured surfaces. 
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For the pore structured surface with its structural parameters of width a, height h and pitch 
s, the solid fraction Ф and surface area increment ratio rw for rectangular, triangular, 
trapezoidal and cylinder structured surface are listed in Table 2-1. 
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Rectangular structured surface: 
 
Figure 2-8 Schematics of rectangular structured surface: (a) 3-dimensional, (b) top 
and (c) side views. 
The schematics of the rectangular structured surface are shown in Figure 2-8. Based 
on the solid fraction Ф and surface area increment ratio rw shown in Table 2-1, the ratio 
of the solid–liquid interface area to the apparent contact area Фsl and liquid–vapor 















  (2-42) 
The partial wetting model for the rectangular structured surface becomes, 
sl Y lvcos cos cos180       
2 2 2 2
Y2 2
( ) ( 4 ) (1 )
cos cos180
s a a ah f a f
s s

   
    (2-43) 
Figure 2-9 shows the effect of fractal dimension on surface wettability at the given 
structural parameters (s–a=3 m, h=13 m). The results indicate that both of the WCAs 
under constant solid fraction and the influence degree of solid fraction on wettability are 
all decreased with the increasing of fractal dimension. Moreover, the WCA is found varied 
on the basis of solid fraction, increase from the minimum value at flat surface (Ф=0 or 1) 
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Figure 2-9 Partial wetting model for rectangular structured surface at fractal 
dimension D=2.2, D=2.4 and D=2.6. 
Triangular structured surface: 
The schematic views of triangular structured surface are given in Figure 2-10, the 
specific angle α between flat surface and inclined surface is 57.74º (for the pattern Si 




h   ). 















  (2-45) 
The partial wetting model for the triangular structured surface is, 
sl Y lvcos cos cos180       
2 2 2 2
Y2 2
( ) ( / cos54.74 ) (1 )
cos cos180
s a a f a f
s s

   
    (2-46) 
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Figure 2-10 Schematics of triangular structured surface: (a) 3-dimensional, (b) top 













Solid fraction   
Figure 2-11 Partial wetting model for triangular structured surface at fractal 
dimension D=2.2, D=2.4 and D=2.6. 
Similar to the tendency of rectangular structured surface shown in Figure 2-10, the 
relation between wettability and solid fraction for the given structural parameters (s–a=3 
m, specific angle α=54.74º) at the triangular structured surface is given in Figure 2-11. 
We can clearly find that the contact angle on surfaces with fractal dimension D=2.2 are 
larger than those surfaces with D=2.4 and D=2.6, indicating higher hydrophobicity is 
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Trapezoidal structured surface: 
 
Figure 2-12 Schematics of trapezoidal structured surface: (a) 3-dimensional, (b) top 
and (c) side views. 
Schematics of trapezoidal structured surface are shown in Figure 2-12, the specific 
angle α between flat surface and inclined surface is the same as the triangular structured 
surface (α=57.74º). Based on the parameters shown in Table 2-1, the Фsl and Фlv can be 
obtained as follows 
 22 2
sl 2 2
( 2 / tan 54.74 ) 4 2 / tan 54.74 / cos54.74
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h














  (2-48) 
The partial wetting model for the trapezoidal structured surface is shown in Eq. (2-49) 
and the corresponding curves at s–a=3 m, α=54.74º are plotted in Figure 2-13. We can 
find a sudden change of WCA occurs at Ф=0.3 approximately, which can be explained 
by the shape change of structured surface. Science the structural parameters s–a and α are 
constant, the solid fraction varied with the variation of a. Thus, a critical width of pores 
acritical exists, resulting in the surface is trapezoidal structured surface in the range of 
a>acritical. Vice versa, the surface structures change from trapezoidal to triangular in the 
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Solid fraction   
Figure 2-13 Partial wetting model for trapezoidal structured surface at fractal 
dimension D=2.2, D=2.4 and D=2.6. 
Cylinder structured surface: 
 
Figure 2-14 Schematics of a cylinder structured surface: (a) 3-dimensional, (b) top 
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Figure 2-15 Partial wetting model for cylinder structured surface at fractal dimension 
D=2.2, D=2.4 and D=2.6. 
For the cylinder structured surface shown in Figure 2-14, we define the diameter of the 
structures is a and the height of the cylinder structured pores is h, resulting in the solid 
fraction Ф and surface area increment ratio rw shown in Table 2-1. Thus, the Фsl and Фlv 
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   (2-51) 
The partial wetting model for the cylinder structured surface is, 
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Different from that of rectangular, triangular and trapezoidal structured surfaces, the 
partial wetting model curves for cylinder structured surface at fractal dimension D=2.2, 
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D=2.4 and D=2.6 are plotted under the constant pore diameter a=3 m and height h=3 
m. As shown in Figure 2-15, similar wettability tendency is also observed on the cylinder 
structured surface, the WCA is dominated by the solid fraction Ф and fractal dimension 
D. 
Figure 2-16 shows the comparison of partial wetting model curves for four types pore 
structured surfaces at D=2.2. The tendency of each curve is similar, the WCA first 
increases and then decreases with the increasing of solid fraction. Moreover, no obvious 














Solid fraction   
Figure 2-16 Comparison of partial wetting curves for rectangular, triangular, 
trapezoidal and cylinder structured surface at D=2.2. 
2.3.2 Pillar structured surface 
Figure 2-17 shows the rectangular pillar structured surface with its structural parameters 
of width b, height h and pitch s, resulting in the parameters of the solid fraction Ф and the 












  (2-54) 
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Based on the given structural parameters, the Фsl and Фlv can be calculated as follows 
 2 2 2
sl 2




  (2-55) 






  (2-56) 
Thus, the partial wetting model for the pillar structured surface is, 
sl Y lvcos cos cos180       




b s bh b f s b f
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    
    (2-57) 
Based on Eq. (2-57), the partial wetting model curves of pillar structured surface for 
the given structural parameter (b=10 m, h=10 m) at D=2.2, D=2.4 and D=2.6 are 
shown in Figure 2-18. The correlation between solid fraction and wettability is the same 
as that of pore structured surfaces, the WCA moves with the variation of solid fraction. 
Consequently, the solid fraction and fractal dimension play important roles on the surface 
wettability for both pore and pillar structured surfaces. 
 
Figure 2-17 Schematics of a pillar structured surface: (a) 3-dimensional, (b) top, and 
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Figure 2-18 Partial wetting model for pillar rectangular structured surface at D=2.2, 
D=2.4 and D=2.6. 
2.4 Conclusions 
In this chapter, a partial wetting model under static intermediate wetting state was 
proposed to better understand the wetting behavior inside of structured surface. The 
partial wetting model was derived theoretically based on the energy minimization for the 
total surface energy in the intermediate wetting state at structured surfaces. Also, we 
derived an equation using a parameter defined as the effective wetting ratio to interpret 
the partial wetting. Furthermore, in order to make comparisons to our partial wetting 
model, the classical Young’s model, Wenzel model and Cassie–Baxter model were 
studied and re-derived using the thermodynamic method. 
As a demonstration, the partial wetting model for three-dimensional pore-like 
rectangular, triangular, trapezoidal, cylinder structured surfaces and pillar-like rectangular 
structured surfaces was analyzed theoretically. The effect of fractal dimension and solid 
fraction on surface wettability for each given structured surface was examined. We found 
that the surface wettability varied significantly with the variation of solid fraction and the 
WCA decreased with the increasing of fractal dimension for the constant solid fraction. 
Moreover, the modified partial wetting model for the given structural parameters will be 
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further investigated to make comparisons with experimental WCAs at the structured Al 
and Si surfaces in Chapter 4. 
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In this chapter, chemical etching method, photo-assistant anodic etching method and 
microelectromechanical fabrication technology are applied to prepare structured Si and 
Al surfaces. Both surface physical morphology and chemical composition are 
investigated to characterize the fabricated structured surfaces. 
3.2 Porous silicon surface 
3.2.1 Experimental conditions and apparatus 
The schematic view of the anodic etching apparatus is given in Figure 3-1. The apparatus 
is consisted by four parts: reaction stage, direct current power, ammeter and light source. 
The anodization power was supplied by a direct current power (AD-8735, AND, Japan), 
which was controlled by both output voltage and output current. Ammeter with a 
resolution of 0.0001 mA was used as a tester (CDM-6000, CUSTOM, Japan) to monitor 
current value. A metal halide light source generator (MME-250, MORETEX, Japan) was 
exerted as the light source. The light guide is a straight light guide (MSG6-1100S-RM, 
MORITEX, Japan) with a condenser lens (ML-70, MORITEX, Japan) attached. The 
electrolyte (15% hydrofluoric acid aqueous solution) used for anodization process was 
prepared by the mixture of 46% hydrofluoric acid, deionized water and ethanol in a ratio 
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of 65/35/100. Here, ethanol was used to remove the hydrogen generated during the 
etching process and improve the anodic etching efficiency. Silicon wafer was worked as 
anode while platinum wire worked as cathode during the anodization process. After 
applying a voltage (in the right direction) between the anode and cathode in the electrolyte, 
microscale pores were generated on the top of Si surface under the reaction shown in Eq. 
(3-1). 
2 6 2Si 6HF 2hole( ) H SiF H 2H
       (3-1) 
3.2.2 Fabrication method 
Silicon substrates were cut to 20 mm × 20 mm from a single crystal silicon wafer and the 
basic parameters of the silicon substrate are shown in Table 3-1. Before the anodic etching 
process, the cut samples were ultrasonically cleaned with acetone and ethanol 
sequentially for 10 min to remove the surface contaminants, then rinsed in the deionized 
water (DI). To remove the natural oxide film from the surface, the substrates were 
immersed in buffered hydrofluoric acid (BHF) solution for 1 minute, followed by cleaned 
in the DI water and then dried at room temperature. 
  






Figure 3-1 Experimental apparatus of anodic etching. 
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Table 3-1 Specification of silicon wafer. 
Type n 
Orientation 100 
Resistivity [cm] 26.0 
Size [inch] 4 
Thickness [μm] 350, 525 
To fabricate porous surfaces, the pretreated Si substrates were anodized in a 
hydrofluoric acid electrolyte solution with an exposed surface area of 0.636 cm2. The 
output voltage was supplied by the direct current power and applied to the anodizing 
apparatus, which was fixed at a predetermined value in a range from 5 to 15 V. In order 
to maintain the stable etching rate during the anodic etching process, the current was 
controlled as a constant value by adjusting the light intensity. 
Table 3-2 Parameters of anodic etching to fabricate porous Si surfaces. 
Light intensity [L-2⋅J] 180000–270000 
Electrolyte solution concentration [%] 4–23 
Voltage [V] 2–30 
Current density [mA/cm2] 5–150 
Etching time [min] 60–240 
As shown in Table 3-2, the anodic etching process is mainly dominated by five 
parameters: light intensity, hydrofluoric acid concentration, voltage, current density and 
etching time. Among the above five parameters, the output voltage and etching time are 
mainly used to control the diameter and height of the generated pores. Besides, light 
intensity, hydrofluoric acid concentration, and current density are employed to manage 
the density of pores, i.e. the porosity. After the anodic etching process, pores of 1–6 μm 
in diameter were obtained at the anodic etching area. The pores grew to 80–120 μm in 
length through the cross-section of the Si wafer proportional to the etching time. 
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3.2.3 Surface morphology analysis 
Scanning electron microscope (SEM, JSM6701, FONO, Japan) were used to investigate 
the surface morphology of porous Si surfaces. The SEM images shown in Figure 3-2 are 
the typical top views of the porous Si surfaces varied with solid fraction (Ф) values of 
0.91, 0.85, 0.78, 0.56, and 0.29. We can find pores covered the surface randomly and the 
mean pore diameter is ~2–3 μm. Since the total pore area Apore in the given area A of the 
surface image can be obtained by integrating the area of each pore based on the surface 
image analysis, the solid fraction Ф of porous surface is determined by 1–Apore/A, ranging 
from 0.13 to 0.91 for the fabricated samples. The porous silicon microstructures varied 
according to the anodic etching parameters shown in Table 3-2. 
Figure 3-3 shows the cross-sectional SEM images of anodized Si substrates. We can 
clearly find that not only microscale pores but also nanoscale needlelike structures are 
formed on the top of the surface. Also, the surface inside of the microstructures is covered 
with nano pins and micropores, showing a close similarity to the topography of top 
surface. That is, the anodized porous Si surfaces have structures over the range of length 














Figure 3-2 SEM images: Typical top view of porous Si surfaces with solid fractions 
of (a) Ф=0.91, (b) Ф=0.85, (c) Ф=0.78, (d) Ф=0.56, and (e) Ф=0.29. 
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Figure 3-3 Typical SEM images of porous Si substrate: (a) cross-sectional view, (b) 
enlarged cross-sectional view, (c) enlarged oblique view. 
3.2.4 Solid fraction analysis 
Confocal laser scanning microscope (CLSM, LEXT OLS 3000, Olympus, Japan) was 
used to investigate the physical morphology, porosity and solid fraction of porous Si 
surfaces. 
As mentioned above, the surface porosity is calculated by the following equation, 
poreA
A
   (3-2) 





      (3-3) 
10 μm 1 μm 100 nm 
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Figure 3-5 Characterization of solid fraction at porous Si surface: (a) schematic 
diagram of solid fraction measurement areas at porous Si surface, and (b) comparisons of 
surface images and pore diameter distributions at different measurement areas of mean 
solid fraction Ф=0.697. 
Here, Apore is the summation of pores area in a given area A. The porosity at the porous 
surface is obtained separately using the image analysis. As shown in Figure 3-4 (b), a 
histogram of pore diameter distribution is achieved based on the analysis of SEM image. 
Thus, the total pore area Apore in the given area A of the surface image is obtained by 
integrating the area of each pore. 
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measured several times in the area where the droplet is placed to confirm if the solid 
fraction is uniform at the surface. As shown in Figure 3-5a, the local porosity of different 
areas (in red) on the surface is used to calculate the mean porosity. Examples of the local 
surface images and pore diameter histograms at three different areas on the porous Si 
surface are shown in Figure 3-5b. The image area is 7490 μm2 and the pore area for three 
positions are 2224.49 μm2, 2241.94 μm2 and 2350.49 μm2, respectively. Thus, the local 
solid fractions obtained are 0.703, 0.701 and 0.686, resulting in a mean solid fraction of 
Ф=0.697 with a standard deviation of σ=9.29×10-3. 
3.2.5 Fractal dimension analysis 
Fractal dimension is a ratio providing a statistical index of complexity comparing how 
detail in a pattern (strictly speaking, a fractal pattern) changes with the scale at which it 
is measured [121]. As shown in Figure 3-6, the fractal dimension for both nature lotus 
leaf surfaces and artifical surfaces are measured on the basis of the given surface 
morphology images. In this work, the fractal dimension analysis is performed on both 
SEM and CLSM surface images based on the traditional box counting method. 
The box counting method is the most commonly used method for fractal dimension 
analysis of real objects in practice [122-124]. With the aid of fractal analysis software 
[fractal3, Ver. 3.4.7, http://cse.naro.affrc.go.jp/sasaki/fractal/fractal.html], the fractal 
dimension D is acquired from the gray scale images by box counting method defined as 
Fractal D=2.483 Fractal D=2.576 Fractal D=2.538 Fractal D=2.710 
(a) (b) (c) (d) 
Figure 3-6 SEM images and the corresponding fractal dimension of: (a), (b) lotus 
leaf surfaces [42] and (c), (d) artificial hierarchical structured surfaces [37]. 
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  (3-4) 
where, N is the number of boxes that cover the surface, and δ is the magnification, i.e. 
the inverse of the box size. 
For the porous Si surfaces, the mean fractal dimension is approximate to 2.401 and the 
standard deviation σ is 0.023. The detailed fractal dimension information for the samples 
shown in Figure 3-2 is provided in the following plots (Figure 3-7). 
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Figure 3-7 Fractal dimension analysis examples based on box counting method for 
porous Si surface with solid fractions (a) Ф=0.91, (b) Ф=0.85, (c) Ф=0.78, (d) Ф=0.56, 










































































































Chapter 3. Fabrication methods and surface characterization 
Kyushu Institute of Technology, Graduate School of Mechanical Engineering 
51 
3.3 Patterned and hierarchical structured silicon surface 
3.3.1 Fabrication method 
The conventional wet chemical etching used in micro-electromechanical (MEMS) 
fabrication was employed to prepare the patterned microstructured surfaces. Anisotropic 
wet-etched surfaces were fabricated at the n-type (100) Si substrate of 20 mm × 20 mm, 
resulting to uniform micropores in an area of ~1 cm2. The square orifices length of the 
pores are a, ranging from 5 to 140 μm and the pitches separating the pores are s–a, ranging 
from 3 to 12 μm. 
Basically, as shown in Figure 3-8, the etching method can be divided into wet-etching 
in liquid and dry-etching in gas and both isotropic etching and anisotropic etching are 
existing in each case [125-127]. The etching process proceeds in a uniform rate in all 
directions for the isotropic etching while the etching rate in a specific direction is higher 
than others for the anisotropic etching. In order to fabricate patterned Si surfaces, the 
anisotropic etching method was applied here to control the etching rate based on the 
crystal direction of silicon substrate. 
 
Figure 3-8 Etching methods of silicon substrate: (a) Dry etching, (b) Wet etching. 
(b) Anisotropic etching (wet etching). 
 
(a) Isotropic etching (dry etching). 
 
etchant 
 etching mask 
 Si substrate 
 
etching mask 
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In this experiment, KOH solution was used to fabricate micro patterned structures on 
Si wafer by crystal anisotropic etching method. The detailed etching procedures are listed 
in the following. 
(1) Substrate cleaning and SiO2 oxide film removal 
Si substrates were ultrasonically cleaned with acetone, isopropyl alcohol (IPA) and 
deionized (DI) water sequentially for 10 min, and then dried by N2. The substrates were 
then immersed in 1% hydrofluoric acid solution to remove the silicon dioxide film from 
the surface. Finally, the pretreated surfaces were rinsed in the DI water and dried by N2. 
(2) Deposition of Si3N4 by plasma chemical vapor deposition (CVD) method 
A nitride film was formed on the surface by CVD method, and the thickness of Si3N4 
film was determined by the followed wet etching time. 
(3) Photoresist layer deposition  
In order to improve the adhesion between photoresist and substrate, surface treatment 
agent (HMDS) was deposited on both the substrate and photoresist surfaces using spin 
coating method. The coated surfaces were then placed horizontally and dried on a heating 
state. 
(4) Resist patterning 
Patterning with UV exposure using the shadow mask. 
(5) Si3N4 dry etching 











 Silicon wafer 
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(6) Resist removal 
Substrates were immersed into stripping solution (AZ remover 100) and the photo 
resist layer was clearly eliminated by the ultrasonic vibration bath. 
(7) Wet-etching of Si substrate 
Wet-etching of patterned Si substrates were performed in KOH solution at 80℃. 
(8) Removing Si3N4 film 
Si3N4 film was removed from the pore-patterned Si surfaces by immersing in the BHF 
solution (50% HF : NH4F = 1:6), revealing pores etched at 57.4º in Si wafer. 
3.3.2 Surface morphology analysis 
Typical SEM images of uniform-patterned Si surfaces with different solid fractions are 
presented in Figure 3-9 (a)–(d), respectively. The pattern structures array regular on the 
top of Si surface. Since the depth of the pores, h, was limited to 13 μm, the pore arrays 
were in triangular or trapezoidal cross-sections (with a specific angle of 54.74 degree 
between the (111) and (100) planes due to anisotropic wet-etching on (100) Si) as shown 
in the schematic side views. From the magnified images of the microstructured surface, 
we can obviously find that the top of the surface is almost flat, and no smaller structures 
are generated between or inside of the pores. The measured structural parameters for each 
substrate are listed in Table 3-3. 
Same as the magnified images shown in Figure 3-9, the inclined views of patterned Si 
surfaces show that not only the top but also the side surfaces inside of the pores are flat 
and no smaller structures are generated, as shown in Figure 3-10, indicating one-scale 
microstructured property. 
Si3N4 
 Silicon wafer 
Silicon wafer 
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Figure 3-9 Typical SEM images of the patterned silicon surfaces: (a) a=5 μm, b=3 μm, 
(b) a=12 μm, b=7 μm, (c) a=12 μm, b=10 μm, and (d) a=12 μm, b=12 μm. 
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Porosity ρ Solid fraction Φ 
a=5,b=3 2.68 5.36 8.04 3.79 0.44 0.56 
a=5,b=5 4.85 5.11 9.96 3.61 0.26 0.74 
a=10,b=3 2.77 10.21 12.98 7.21 0.62 0.38 
a=10,b=5 4.77 10.38 15.15 7.33 0.47 0.53 
a=12,b=3 2.51 12.55 15.06 8.05 0.69 0.31 
a=12,b=5 4.72 12.30 17.02 7.90 0.52 0.48 
a=12,b=7 6.47 12.51 18.98 7.75 0.43 0.57 
a=12,b=10 9.74 12.17 21.91 7.72 0.31 0.69 
a=12,b=12 11.70 12.38 24.08 7.87 0.26 0.74 
a=20,b=3 2.51 20.38 22.89 14.4 0.79 0.21 
a=30,b=3 2.64 30.08 32.72 9.43 0.85 0.15 
a=50,b=3 2.81 49.49 52.30 9.43 0.90 0.10 
a=3,b=3 3 3 6 2.11 0.25 0.75 
a=5,b=3 3 5 8 3.53 0.39 0.61 
a=10,b=3 3 10 13 7.06 0.59 0.41 
a=12,b=3 3 12 15 8.47 0.64 0.34 
a=15,b=3 3 15 18 10.59 0.69 0.31 
a=20,b=3 3 20 23 13 0.76 0.24 
a=30,b=3 3 30 33 13 0.83 0.17 
a=50,b=3 3 50 53 13 0.89 0.11 
a=60,b=3 3 60 63 13 0.91 0.09 
a=70,b=3 3 70 73 13 0.92 0.08 
a=80,b=3 3 80 83 13 0.93 0.07 
a=90,b=3 3 90 93 13 0.94 0.06 
a=100,b=3 3 100 103 13 0.94 0.06 
a=110,b=3 3 110 113 13 0.95 0.05 
a=120,b=3 3 120 123 13 0.95 0.05 
a=130,b=3 3 130 133 13 0.96 0.04 
a=140,b=3 3 140 143 13 0.96 0.04 
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Figure 3-10 Typical inclined views of patterned Si surfaces: (a) a=5 μm, b=3 μm, (b) 
a=12 μm, b=12 μm, and (c) a=30 μm, b=3 μm. 
A combination of microelectromechanical fabrication technology and photo-assisted 
electrochemical etching methods was employed to fabricate the hierarchical structured 
surfaces. Further anodic etching of the patterned Si surface was performed under the 
conditions shown in Table 3-4. Compared with the surface morphology of patterned Si 
surfaces in Figure 3-9, microscale pores with the size of ~1 μm are formed on the top of 
the patterned surfaces. Moreover, form the magnified images in Figure 3-11 and the 
inclined images in Figure 3-12, we can find smaller, denser nanoscale needlelike 
structures are generated on the top of the patterned surface and inside the pores after 
anodic etching process. That is, the anodic etched patterned Si surfaces have structures 
over the range of length from nanoscale to microscale, and formed nano/micro 
hierarchical structured surfaces. The detailed fabrication conditions and surface 
morphology information of hierarchical structured surface are listed in Table 3-5. 
Table 3-4 Parameters of anodic etching to fabricate hierarchical structured Si surfaces. 
Samples Hierarchical surfaces 
Irradiation intensity [Lx] 180000–270000 
Electrolyte solution concentration [%] 15 
Voltage [V] 5 
Current density [mA/cm2] 30–50 
5 μm 5 μm 5 μm 
(a) (b) (c)
m 
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Figure 3-11 Typical SEM images of the patterned silicon after anodic etching process: 
(a) a=5 μm, b=3 μm, (b) a=12 μm, b=7 μm, (c) a=12 μm, b=10 μm, and (d) a=12 μm, 
b=12 μm. 








Solid fraction Φ 
a=5, b=3 5 36.4 1.5 0.56 
a=5, b=5 5 31.5 1.5 0.74 
a=10, b=3 5 41.6 1.5 0.38 
a=10, b=5 5 40.1 1.5 0.53 
a=12, b=3 5 42.9 1.5 0.31 
a=12, b=5 5 41.0 1.5 0.48 
a=12, b=7 5 29.7 1.5 0.57 
a=12, b=10 5 34.0 1.5 0.69 
a=12, b=12 5 40.6 1.5 0.74 
a=20, b=3 5 50.0 1 0.21 
a=30, b=3 5 44.7 1 0.15 
a=50, b=3 5 43.6 1 0.10 
10 μm 
1μm 
 (a)  (b)  (c) 
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Figure 3-12 Typical inclined views of patterned Si surfaces: (a) a=5 μm, b=3 μm, (b) 
a=12 μm, b=12 μm, and (c) a=30 μm, b=3 μm.  
3.3.3 Solid fraction analysis 
For the patterned and nano/micro hierarchical Si surfaces, the structures are arrayed on 
the top of the surface in a uniform state. Thus, the square orifice of the pores is a and the 
pitch separating the pores is s–a (Figure 3-13). Hence, the surface porosity and the surface 
solid fraction can be estimated based on the structural parameters, which are 2 2/a s  and 
 2 2 2/s a a , respectively. 
 
Figure 3-13 Schematics of triangular patterned surface: (a) 3-dimensional, (b) top, 
and (c) side views of the structured surface. 
5 m 5 μm 10 μm 5 μm 
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3.3.4 Fractal dimension analysis 
For the patterned Si surfaces, the mean fractal dimension is approximate to 2.21 with the 
standard deviation σ=0.054. For the hierarchical structured surface, we defined the fractal 
dimension is same as that of patterned Si surfaces based on the similarity between one-
scale and dual-scale structures. The detailed fractal dimension for the samples described 














































































Figure 3-14 Fractal dimension analysis examples based on box counting method for 
patterned Si surface with solid fractions (a) Ф=0.91, (b) Ф=0.85, (c) Ф=0.78, and (d) 
Ф=0.56. 
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3.4 Chemical etched aluminum surface 
3.4.1 Fabrication method 
 
Figure 3-15 Schematic diagram for the preparation of structured Al surfaces. 
Figure 3-15 shows the schematic diagram of the chemical etching process. Aluminum 
substrates (1100 aluminum, Al > 99wt.%, 20 mm × 20 mm × 0.5 mm) that were previous 
polished by sand paper (FUJI STAR) starting from 320 to 1000 grade were ultrasonically 
cleaned with acetone and ethanol sequentially for 10 min, and then rinsed in the deionized 
(DI) water. Then cleaned aluminum substrates were immersed into sodium hydroxide 
(NaOH) solution for 10 s (1.25 M, room temperature) to remove the aluminum oxide film 
from the surfaces. The reaction is based on the following equation: 
Al2O3 + 2NaOH → 2NaAlO2 + H2O (3-5) 
Here, the generation NaAlO2 is soluble in water and can be removed by the rinse of 
deionized water. 
The etching process was performed by immersing the cleaned substrates in a 1 M CuCl2 
solution for 1, 2, 5, 10, or 20 s at room temperature, where they underwent the reactions 
shown in Eqs. 3-6 and 3-7.  
2Al + 3CuCl2 → 3Cu + 2AlCl3 (3-6) 
















Chapter 3. Fabrication methods and surface characterization 
Kyushu Institute of Technology, Graduate School of Mechanical Engineering 
61 
Here, Cu2+ reacts with Al via a replacement reaction, resulting in a thin layer of Cu 
being deposited on the Al surface. The thin layer of Cu deposition was clearly eliminated 
by the ultrasonic bath of the DI water, and only Al was observed on the surface using X-
ray diffraction (D8 ADVANCE, Bruker, Germany).  
In order to obtain the hydrophobicity at the fabricated Al surfaces, the chemical etched 
samples were modified by spraying a thin layer of low surface energy materials 
(fluororesin layer) over the substrates. As shown in Figure 3-16, the vaporizer was set 10 
cm away from the structured Al surfaces. After the spraying process, the coated surfaces 
were placed horizontally and dried on a heating state at 50 ℃ for one hour to improve the 
stability of the finished coating. 
3.4.2 Surface composition analysis 
Typical X-ray diffraction (XRD) pattern obtained on the hydrophilic Al surface etched 
20 s is shown in Figure 3-17, the data is compared with the standard Al card JCPDS No: 
04-0787. The experimental Al results of the diffraction angle in 44.621, 64.906 and 
78.102 are identical with those of 44.738, 65.133 and 78.227 of standard Al pattern. It is 
necessary to point out that after chemical etching, the copper layer formed on the surface 





Structured Al surface 
Figure 3-16 Schematic of spray process on structured Al substrates to fabricate 
hydrophobic coating. 
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Figure 3-17 X-ray diffraction (XRD) pattern of structured Al surface. 
3.4.3 Surface morphology analysis 
 
Figure 3-18 SEM images of Al surfaces after immersed in a CuCl2 solution for (a) 0, 
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Figure 3-18 shows SEM images of the fabricated samples (a)–(f). Polishing traces can be 
observed on the bare Al surface, as shown in Figure 3-18a; and porous layers containing 
nano/microstructures are observed on the chemically etched Al surfaces, as shown in 
Figures 3-18b–f. It seems that increasing the chemical etching time results in denser 
nano/microstructures. After 1 s immersion, several microscale square cavities are 
generated on the surface (Figure 3-18b). When etching time was extended to 2 s and 
above, the surface morphology changed drastically and the upper layer of surface is found 
damaged. As etching time prolonged to 5 s, geometrical microconvex plate structures are 
formed on the surface shown in Figure 1d. Furthermore, denser smaller submicro/nano 
structures start to generated on the top of microconvex plate (yellow dash circle in Figure 
3-18d) but parts of the surfaces are not etched completely (red dash circle in Figure 3-
18d). By extending the etching time to 10 and 20 s, the generated microconvex plate 
structures were further etched and hierarchically structures were formed on the surfaces 
shown in Figures 3-18e and 3-18f.  
 
Figure 3-19 Confocal laser scanning microscopy images of sample surfaces and 
cross-sectional profiles after immersed in a CuCl2 solution for (a) 0, (b) 1, (c) 2, (d) 5, (e) 
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(b) (a) (c) 
(d) (e) (f) 
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Moreover, arithmetic surface roughness (Ra) are assessed from the cross-sectional 
profiles shown in the CLSM images in Figure 3-19. The roughness of the surfaces, which 
is related to wettability, increases with etching time. The average values of Ra for samples 
etched for 0, 1, 2, 5, 10, and 20 s are 0.254 ± 0.039, 0.809 ± 0.090, 1.002 ± 0.112, 1.942 
± 0.053, 1.969 ± 0.034, and 2.230 ± 0.017 μm, respectively, indicating that denser 
nano/microstructures are formed with longer etching times. 
3.4.4 Solid fraction analysis 
Science the structured Al surfaces were fabricated by chemical etching method and the 
generated structures are irregular. Similar to the estimation method of porous Si surfaces, 
the solid fraction of the chemical etched Al surfaces was evaluated based on analysis of 
CLSM images. As shown in Figure 3-20, the solid fraction Ф for the irregular hydrophilic 
Al samples (a)-(f) are calculated via the ratio of light areas to total measured area based 
on Eqs. (3-2) and (3-3), which are 0.97, 0.81, 0.74, 0.68, 0.63 and 0.55, respectively. 
 
Figure 3-20 Confocal laser scanning microscope images with solid fractions of (a) 





(e) = 0.63 




(f) = 0.55 
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Figure 3-21 Confocal laser scanning microscopy images and cross-sectional profiles: 
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The calculation method of solid fraction at hydrophobic Al surfaces is the same as that 
of hydrophilic case. Figure 3-21 exhibits CLSM images and 3D view images of 
hydrophobic Al surfaces varied with solid fraction Ф=0.94, 0.69, 0.63, 0.43, 0.33 and 
0.32, respectively. As shown in Figure 3-21, the surface is covered by micro-convex 
structures with the size of 5 - 20 μm. With the decreases of solid fraction, the surface 
topography changes drastically and denser nano/microstructures are generated. To further 
clarify the relation between solid fraction and nano/microstructures on hydrophobic Al 
surface, both of the 3D topographic images and the cross-sectional profiles were 
investigated. The Ra was studied based on the analysis of surface cross-sectional profiles, 
as shown in Table 3-6, we found that the smallest Ra of 0.293 ± 0.031 μm is obtained on 
the surface with largest Ф=0.94 while the largest Ra of 3.171 ± 0.275 μm is obtained on 
the surface with smallest Ф=0.32. As a result, the surface roughness increased with the 
increasing of etching time, the smaller solid fraction, the larger roughness. 
Table 3-6 Arithmetic surface roughness for samples with different solid fraction. 

























3.5 Anodized aluminum surface 
3.5.1 Fabrication method 
Pure aluminum surfaces (1100 aluminum, Al > 99wt.%, 20 mm × 20 mm × 0.5 mm) with 
initial roughness (0.254 ± 0.039 μm) were used as substrates. The surfaces were polished 
with sandpaper (320, 600, 1000, FUJI STAR) and cleaned in an ultrasonic bath of acetone 
and ethanol solutions for 10 minutes separately and then rinsed with deionized (DI) water. 
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In order to fabricate structured surfaces with different surface topography, the pretreated 
substrates were etched using anodizing method in 8% H2SO4 solution with a constant 
voltage of 20 V for 1 h, 2 h, 3 h, 4 h and 6 h, respectively. The anodic etching process was 
performed at room temperature. The schematic of anodic etching device is shown in 
Figure 3-22 and the anodic etching process was performed under the reaction shown in 
Eqs. (3-8)-(3-10).  
Anode: 
2 24OH 4e 2H O O
     (3-8) 
2 2 34Al 3O 2Al O   (3-9) 
Cathode: 
22H 2e H
    (3-10) 
After anodic etching process, each surface was rinsed with DI water, dried under a 
stream of compressed air for 10 s. In order to obtain the hydrophobicity on the anodized 
Al surfaces, surface modification process was performed by spraying fluororesin layer 
over substrates 10 cm away using a vaporizer and then left to dry at room temperature for 
more than 12 hours. 
  





Figure 3-22 Experimental apparatus of anodic etching on Al substrates 
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3.5.2 Surface morphology analysis 
 
Figure 3-23 Confocal laser scanning microscopy images and cross-sectional profiles: 
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CLSM images were employed to study the morphological features of the surfaces as 
shown in Figure 3-23. It seems that with the increasing of anodic etching time, denser 
structures are generated on the surfaces. After anodized one hour, structures begin to 
formed at the top of the surface and the roughness Ra increased from 0.254 ± 0.039 μm 
to 0.579 ± 0.038 μm. With the anodic etching time extend to 2 h and above, the surface 
morphology changed drastically and the roughness increased sharply. The average 
values of Ra for samples anodized 2 h, 3 h, 4 h, and 6 h are 0.719 ± 0.039, 0.920 ± 0.053, 
1.114 ± 0.079, 2.761 ± 0.037 μm, respectively, indicating longer anodic etching time 
results in rougher structured surfaces. 
3.6 Conclusions 
In this chapter, chemical etching, anodic etching, microfabrication and photo-assisted 
electrochemical etching methods were applied to prepare different types of Si-base and 
Al-base structured surfaces. In order to characterize the surface physical morphology, 
SEM and CLSM images were studied. Moreover, the surface roughness, the surface solid 
fraction, and surface fractal dimension were studied based on the image analysis. We 
found that denser nano/microstructures result in larger surface roughness, but smaller 
solid fraction.
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Wettability at structured surface 
 
4.1 Introduction 
In this chapter, the wettability of the fabricated surfaces described in Chapter 3 is studied 
by the investigation of static water contact angle and effective wetting ratio. In order to 
clarify the effect of surface physical morphology on wettability, the correlation between 
surface solid fraction and water contact angle is estimated. Furthermore, comparisons 
between experimental water contact angles and theoretical wetting models are drawn.  
4.2 Contact angle measurement method 
The evalution of surface wettability is based on the measurement of water contact angle 
(WCA) in a room under constant temperature and pressure. The WCA measurement 
system and the outline of measurement method are shown in Figure 4-1(a) and 4-1 (b). 
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Figure 4-1(b) Schematic diagram of Si sample preparation and contact angle 
measurement procedure. 
Si wafer 
Etched area (MEMS/anodic etching)  
 Patterned Si surface 
 Porous Si surface 
 Hierarchical structured Si surface 
Un-etched area (flat surface) 
Fabrication  
Cleaning 
1. Cleaning in acetone  
(to remove the organic containments) 
2. Cleaning in buffered hydrofluoric acid solution 
(to eliminate the silicon oxide layer) 
3. Rinsing with the pure water 
Contact angle at the un-etched area 
No 
Contact angle at the etched area 
Sample preparation procedures 
 =Y ? 
Yes 
Data output 
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4.3 Porous silicon surface 
4.3.1 Contact angle measurements 
We prepared 42 porous Si surfaces and all of the substrates have the same chemical 
composition but different physical morphology. To isolate the effect of physical 
morphology on surface wettability, both acetone and buffered hydrofluoric acid solutions 
were used to remove contaminants and silicon oxide film from the Si surfaces, and then 
rinsed by the pure water repeatedly. The water contact angle (WCA) was measured with 
a microscope system at 25 °C. Pure water (Kishida Chemical, electrical resistivity 18 
MΩcm) was supplied to the surfaces using a micro-syringe with a constant volume of 4 
μL. Before the wettability measurement at the etched area, the contact angle at the un-
etched area for every sample has been confirmed as being the same as the flat surface θY 
(79.5°±0.5°). Which means, all of the samples have the same chemical compositions. To 
prevent the contamination and evaporation at the droplet surface, the measurement of 
contact angle has been carried out within 10 minutes after surface cleaning, covered with 
a measurement cell. 
In order to show the difference of static and dynamic behavior during the contact angle 
measurement process, the typical time history of static contact angle in comparison to that 
Droplet volume: 4 μl 


























Figure 4-2 Typical time history of measured water contact angles in stable state (open 
squares) and in evaporation (open circles). 
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of reducing contact angle during droplet evaporation is shown in Figure 4-2. Based on 
the control of the temperature and humidity inside of the measurement cell, the WCA of 
the porous Si surface is almost remained constant at a value of 135°. It is clear that the 
wetting state measured under the equilibrium condition exists stable. No significant 
evidence could be found on the wetting transition between the Wenzel and Cassie‒Baxter 
states. On the other hand, the contact angle decreased continuously caused by the 
evaporation at the liquid‒vapor interface, which showing dynamic wetting behavior and 
keep in the constant contact radius (CCR) mode. 
Figure 4-3 shows the typical microscope images of droplets on the porous Si surfaces 
with the solid fraction  in a range of 0 to 1. We can clearly find that the surface physical 
morphology has significant impact on the surface wettability. All the WCAs on the 
structured surfaces are larger than that on the flat Si surface. Also, the measured WCA 
results indicate that with the increasing of the solid fraction , the WCA of porous Si 
surfaces first increases and then decreases. The detailed WCAs data are summarized in 
Table 4-1. 
 
Figure 4-3 Microscope images of a droplet upon the porous Si surfaces with different 
solid fraction. 
1mm 
 = 0  = 0.26  = 0.29 = 0.41 
 = 0.75 = 0.85 = 0.90  = 1 
= 0.43  = 0.56 = 0.58 = 0.71 
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1 1 79.85 22 0.26 113.99 
2 0.91 91.50 23 0.58 128.34 
3 0.87 95.12 24 0.72 123.24 
4 0.74 118.05 25 0.90 111.71 
5 0.73 107.95 26 0.91 111.31 
6 0.65 104.67 27 0.70 114.29 
7 0.64 121.09 28 0.41 136.13 
8 0.61 111.26 29 0.44 121.97 
9 0.60 125.98 30 0.67 122.43 
10 0.58 126.31 31 0.47 132.24 
11 0.53 130.63 32 0.85 105.58 
12 0.50 125.79 33 0.40 121.74 
13 0.49 141.98 34 0.81 100.55 
14 0.46 123.40 35 0.29 120.98 
15 0.44 130.79 36 0.30 118.35 
16 0.43 123.53 37 0.45 126.22 
17 0.35 130.72 38 0.82 107.39 
18 0.28 129.41 39 0.75 119.6 
19 0.22 113.11 40 0.58 129.57 
20 0.13 106.45 41 0.75 117.56 
21 0.63 122.26 42 0.43 121.13 
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Figure 4-4 Experimental WCA results of porous Si surfaces. 
The correlation between wettability and physical morphology of the porous Si surfaces 
is shown in Figure 4-4. The wettability results summarized here features the WCA of flat 
(Ф=0 or 1, θ=79.5°) and porous (Ф=0.13~0.91) Si surfaces; WCA increased with the 
increasing solid fraction to a maximum at Ф=0.49 (θmax=129.57°), then decreased. These 
results strongly support that the geometrical microstructures of porous silicon can 
improve surface hydrophobic properties. This also indicates that the solid fraction is a 
dominant factor in this relationship. 
4.3.2 Comparison of theoretical and experimental results 
The experimental effective wetting ratio f results (blue open squares and red open circles) 
shown in Figure 4-5 are re-derived based on the Eq. (2-39) by substituting the WCA θ, 
θY and the structure parameters Ф and rw. The contact angles θ and θY were measured 
experimentally and the structural parameters of the structured Si surface a, h and s were 
obtained by the analysis of surface physical morphology. As described in Chapter 3, for 
the patterned and hierarchical structured Si surfaces, Ф can be determined directly by the 
structural parameters a and s; while it is obtained by the image analysis of surface 
morphology for the porous Si surface. The method to obtain rw is a little complex. On the 


























Chapter 4. Wettability at structured surface 
Kyushu Institute of Technology, Graduate School of Mechanical Engineering 
76 
the (100) Si wafer surface) according to its triangular/trapezoidal cross-section for the 
patterned Si surface. On the other hand, for the porous and hierarchical structured Si 
surfaces, rw is estimated using the side area of pores lp × he, where lp is the perimeter of 
the pore orifice (lp-porous=πd, lp-hierarchical=4a) and he is the equivalent height of the pores. 
Although rw is an extremely large value up to more than 100 for the high aspect ratio 
pores generated in the porous Si or hierarchical Si substrates, the maximum equivalent 
rw-max increases up to the Wenzel model’s limit of 5.49 for θY=79.50° (rw-max=1/cos θY). 
That is, the effect of the pore height on the effective wetting ratio is limited to an 
equivalent height, where the equivalent height is estimated at rw-max. 
However, because the surface structures are not uniform at the porous Si surface, 
several but not all samples were selected for the calculation of f. We found that 
experimental data of effective wetting ratio f decreased with increasing solid fraction Ф 
or decreasing the fractal dimension approximately, resulting in the fitted curves to be a 
function of the solid fraction and the fractal dimension. Therefore, the empirical Eq. (4-
1) has been proposed to predict the effective wetting ratio as a function of solid fraction 
and fractal dimension. 


























































Figure 4-5 Effective wetting ratio as a function of (a) surface solid fraction Ф, and (b) 
surface porosity 1-Ф. 
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The fractal dimension D of patterned microstructured Si is ~2.2, while that for porous 
Si is ~2.4. Although some data scattering exists, Eq. (4-1) roughly agrees with the data 
estimated from the experiments, as shown in Figure 4-5. Hence, the effective wetting ratio 
f obtained from Eq. (4-1) can be used for the calculation of partial wetting model shown 
in Eqs. (2-39) and (2-40). 
A direct comparison between the WCAs on the porous Si surfaces and theoretical 
wetting models is given in Figure 4-6. The results indicate that the WCAs of hydrophobic 
porous Si surfaces (red open circles) show a deviation from both the theoretical Wenzel 
and Cassie–Baxter models. Thus, Eqs. (2-39) and (2-40) of the partial wetting model were 
applied in an attempt to describe the surface geometrical effects on the solid–liquid 
contact mode of one scale micro- and dual scale nano/micro hierarchically structured 
surfaces [128]. As shown in Figure 4-6, the predicted data from Eq. (2-40) (red line) are 
reasonably consistent with the experimental WCAs of the porous Si surfaces. This implies 
the existence of an intermediate state between the fully wetting and non-wetting states, 
and that the contact mode of the microstructured surface differs from the classical Wenzel 
and Cassie–Baxter models. 
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4.4 Patterned and hierarchical structured silicon surface 
4.4.1 Contact angle measurements 
Typical microscope images of droplets on the patterned Si surfaces are shown in Figure 
4-7 (a). The WCAs are 114.98° ± 1.46°, 118.36° ± 0.46°, 115.24° ± 0.93°, 110.38° ± 0.76°, 
and 108.13° ± 2.71° for the surface with solid fraction of 0.31, 0.48, 0.57, 0.69 and 0.74, 
respectively. We can find that the patterned Si surfaces with primary microscale structures 
display hydrophobicity and all the WCAs are larger than 90°, also larger than that 
measured on the flat Si surface (79.5°). Figure 4-7 (b) shows the typical droplet images 
on the hierarchical structured Si surfaces, the solid fraction of the select hierarchical 
structured Si surfaces is the same as the corresponding patterned Si surfaces. However, 
compared with the WCA results of patterned Si surfaces, the nano pins on the top of the 
micro pattern structures increased the surface hydrophobicity. The WCAs are 146.17° ± 
1.37°, 144.73° ± 0.47°, 141.97° ± 0.91°, 136.99° ± 1.14°, and 139.75° ± 0.95°, which are 
much larger than those of the one-scale patterned Si surfaces. The detailed WCAs of both 
patterned Si and hierarchical structured Si surfaces are summarized in Table 4-2. 
To better clarify the influence of physical morphology on wettability, the correlation 
between WCA and solid fraction is shown in Figure 4-8. With the increasing of solid 
fraction, the measured WCAs of the patterned Si surfaces (blue open squares) first 
=0.31 = 0.48 = 0.69 = 0.74 = 0.57 
(a) 
(b) 
Figure 4-7 Typical microscope images of a droplet upon the (a) patterned Si surfaces 
and (b) hierarchical structured Si surfaces with different solid fraction. 
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increase from 109.89° at Ф=0.04 to a maximum value of 125.96° at Ф=0.11 and then 
decrease gradually. The minimum WCA of 101.60° is obtained at Ф=0.75, which still 
demonstrates hydrophobic property. The direct comparison of WCAs between 
hierarchical structured surface and patterned Si surface is also shown in Figure 4-8. We 
can find that all the WCAs of the hierarchically structured surfaces (red open squares) are 
larger than those of micro-patterned Si surface. The minimum WCA of 132.42° is 
obtained at Ф=0.74 while the maximum WCA of 146.60° is obtained at Ф=0.38. The 
results indicate that for the constant solid fraction, the WCAs of dual structured surfaces 
are larger than that of one-scale structured surfaces. 
4.4.2 Comparison of theoretical and experimental results 
Comparison between the experimental WCAs and the theoretical wetting models is 
represented in Figure 4-9. The theoretical results including Wenzel model (black dash 
line), Cassie–Baxter model (black dot line) and partial wetting model for one-scale (Eq. 
2-39, blue line) and two-scale (Eq. 2-40, red line) structured surfaces are plotted to 
compare with the measured WCA results on patterned (blue dots) and hierarchically 
structured (red squares) Si surfaces. It is obviously that the WCAs at the patterned Si 


























Figure 4-8 Experimental WCA results of patterned and hierarchical structured Si 
surfaces. 
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at the hierarchical structured Si surfaces (red open squares) deviate slightly from Eq. 2-
40 but show better agreement than with the classical Wenzel and Cassie–Baxter models. 
We conclude that the proposed partial wetting model takes advantage of describing the 
static intermediate wetting state between fully wetting and non-wetting states for a 
general solid–liquid contact mode. 
 
Figure 4-9 Comparison of experimental results and theoretical models for micro-
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Table 4-2 Experimental results of contact angle measurement on both patterned Si and 



















1 3 5 4 0.56 111.96 -0.37 136.68 -0.73 
2 5 5 4 0.74 108.68 -0.32 132.42 -0.67 
3 3 10 7 0.38 118.29 -0.47 146.60 -0.83 
4 5 10 7 0.53 109.78 -0.34 138.22 -0.75 
5 3 12 8 0.31 119.96 -0.50 146.17 -0.83 
6 5 12 8 0.48 118.36 -0.47 144.73 -0.82 
7 7 12 8 0.57 115.24 -0.43 141.97 -0.79 
8 10 12 8 0.69 110.38 -0.35 136.99 -0.73 
9 12 12 8 0.74 108.13 -0.31 139.75 -0.76 
10 3 3  0.75 101.60 -0.20   
11 3 5  0.61 109.33 -0.33   
12 3 10  0.41 118.15 -0.47   
13 3 12  0.36 118.38 -0.48   
14 3 15  0.31 114.98 -0.42   
15 3 20 13 0.24 118.53 -0.48 138.39 -0.75 
16 3 30 13 0.17 117.35 -0.46 141.75 -0.79 
17 3 50 13 0.11 123.98 -0.56 134.55 -0.70 
18 3 60 13 0.09 119.42 -0.49   
19 3 70 13 0.08 114.53 -0.42   
20 3 80 13 0.07 120.14 -0.50   
21 3 90 13 0.06 117.13 -0.46   
22 3 100 13 0.06 116.56 -0.45   
23 3 110 13 0.05 119.38 -0.49   
24 3 120 13 0.05 112.19 -0.38   
25 3 130 13 0.05 114.24 -0.41   
26 3 140 13 0.04 109.89 -0.34   
27 5 40 13 0.21 118.53 -0.48   
28 5 60 13 0.15 117.35 -0.46   
29 5 90 13 0.10 123.98 -0.56   
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4.5 Chemical etched aluminum surface 
4.5.1 Contact angle measurements at hydrophilic surfaces 
Liquid droplets (3.5 wt% NaCl solution) of 5 μL were gently deposited on the sample 
surface with a syringe and the side view images of the droplets were obtained with a 
digital camera. The average static WCA was determined at six different spots on two 
sides of each sample at room temperature.  
The variation of WCAs with chemical etching time and side views of droplets are 
shown in Figure 4-10a. The WCA for a bare Al surface is 77.29° ± 2.06°, and surface 
hydrophilicity is enhanced with increasing chemical etching time. The WCA is 35.23° ± 
0.65° for sample (b), 23.86° ± 1.06° for sample (c), 12.45° ± 1.60° for sample (d), 6.80 ± 
1.29° for samples (e), and 4.13 ± 0.79° for samples (f). The static contact angle decreases 
with increasing chemical-etching time, while the contact radius increases in an opposite 
manner.  
 
Figure 4-10 (a) Effect of etching time on the water contact angle. The insets show the 
side views of water droplets on the sample surfaces. (b) Effect of solid fraction on the 
water contact angle at hydrophilic Al surfaces. 
In order to clarify the effect of physical morphology on wettability at structured Al 
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surfaces, the correlation between WCA and solid fraction Ф is investigated. As shown in 
Figure 4-10b, the liquid wets the surface well and all the WCAs at structured Al surfaces 
are smaller than 90°, showing hydrophilic property. During the chemical etching process, 
the surface structure is mainly controlled by the etching time and the smallest solid 
fraction Ф=0.55 is obtained at the surface etched for 20 s. Moreover, we can find the 
experimental WCAs (red plots) increased with the increasing of solid fraction, beginning 
at Ф=0.55 (θ≈0°), then remained superhydrophilic until Ф>0.70. The maximum WCA 
value of 77.26° is observed at Ф=0.97 (polished bare Al surface). The detailed wetting 
information for both hydrophilic and hydrophobic cases is given in Table 4-3. 
4.5.2 Contact angle measurements at hydrophobic surfaces 
Figure 4-11 shows the typical droplet images on the coated structured Al surfaces, the 
WCAs are 112.75° ± 1.04°, 135.35° ± 0.87°, 129.10° ± 0.36°, 141.87° ± 1.55°, and 
146.24° ± 1.73°, respectively. Obviously, compared with the wettability of hydrophilic 
Al surfaces, the WCAs increased sharply after coated with fluororesin layer and the 
surfaces show hydrophobic and superhydrophobic property. 
The correlation between solid fraction and WCA at hydrophobic Al surfaces is shown 
in Figure 4-12, which displays reverse tendency to the hydrophilic case, the WCA 
decreased continuously with the increasing of solid fraction. The detailed wetting 
information of hydrophobic Al surfaces is also listed in Table 4-3, the minimum value of 
110.25° is obtained at flat coated Al surface (=0.93) while the maximum WCA of 
147.07° is obtained at =0.33. As a result, the solid fraction  is the dominate parameter 
of the structured surface, which plays a significant role on the surface wettability. With 
the increasing of solid fraction, the WCA increased on the hydrophilic surfaces while 
decreased on the hydrophobic surfaces.  
= 0.65 = 0.43 = 0.33 = 0.94 = 0.51 
Figure 4-11 Microscope images of a droplet upon the hydrophobic structured Al 
surfaces. 
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1 0.55 3.41 7 0.79 23.86 
2 0.61 8.49 8 0.81 35.23 
3 0.63 4.13 9 0.82 26.25 
4 0.68 6.8 10 0.90 37.37 
5 0.70 12.45 11 0.97 77.29 
6 0.74 16.23 12 0.98 70.89 
Hydrophobic case 
1 0.32 147.07 8 0.51 129.10 
2 0.33 146.24 9 0.65 135.35 
3 0.33 149.40 10 0.65 130.88 
4 0.34 142.49 11 0.69 133.83 
5 0.40 142.38 12 0.89 110.38 
6 0.43 141.87 13 0.93 110.25 






















Solid fraction   
Figure 4-12 Experimental WCA results of hydrophobic Al surfaces. 
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4.5.3 Comparison of theoretical and experimental results 
Wenzel (black dash line), Cassie–Baxter (black dot line) and partial wetting models (blue 
and red lines) are applied to make a comparison with the experimental WCAs of the 
hydrophobic Al surfaces. As shown in Figure 4-13, the experimental WCAs (red open 
diamonds) are larger than the results calculated from Wenzel model, Cassie–Baxter 
model and partial wetting model (one-scale). This can be explained by the hierarchical 
nano/microstructures of the fabricated Al surfaces. As the same as the wettability of Si 
substrates, the WCA of the hierarchical structured surface are larger than that of micro 
structured surface for the hydrophobic case. Thus, the partial wetting model for the dual-
scale structured surface is employed, which corresponds well with the WCA of the 
hydrophobic Al surfaces. The results indicate that the partial wetting model is much more 
acceptable to describe the wetting behavior of hydrophobic Al surfaces than those two 


















Figure 4-13 Comparison of experimental results and theoretical models for 
hydrophobic Al surfaces. 
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4.6 Anodized aluminum surface 
4.6.1 Contact angle measurements 
The side views of droplets on coated anodized Al surfaces in different etching time are 
shown in Figure 4-14. The WCA of flat hydrophobic Al surfaces is 110.25º ± 0.925º, and 
surface WCA is increased sharply after the anodic process. The WCAs are 135.95º ± 
0.573º for sample (b), 138.37º ± 0.469º for sample (c), 143.04º ± 1.370º for sample (d), 
145.19º ± 1.985º for sample (e), and 151.35º ± 2.828º for sample (f). Figure 4-15 shows 
the relation between anodic etching time and WCA, we found that the WCAs of the 
anodized aluminum surfaces increased with the increasing of etching time and the 
maximum WCA of 151.35º is obtained after being anodized for 6 hours. The variation 
tendency of WCA on the etched surface can be explained by the surface morphology. The 
longer etching time, the denser nano/microstructures, resulting in a larger WCA on the 
hydrophobic surface. 
 
Figure 4-14 Microscope images of a droplet upon the hydrophobic anodized 
structured Al surfaces: (a) 0 h, (b) 1 h, (c) 2 h, (d) 3 h, (e) 4 h and (f) 6 h. 
(a) (b) (c) (d) (e) (f) 
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Time (h)  
Figure 4-15 Effect of etching time on surface wettability of anodized Al surfaces. 
4.7 Conclusions 
In this chapter, the wettability of the structured surfaces was characterized by the 
investigation of WCAs and effective wetting ratio experimentally. Both the influence of 
physical morphology and chemical composition on the surface wettability was 
investigated. On the one hand, the WCA verified significantly on different 
nano/microstructured surfaces and the solid fraction was found as the dominant physical-
morphological factor that controlling surface wettability. On the other hand, the surface 
chemical composition was investigated as another dominate factor for the wettability, 
after modified by low surface energy materials, the wettability changed from 
hydrophilicity to hydrophobicity. 
Furthermore, comparisons between theoretical wetting models and experimental 
WCAs were investigated. We found that the experimental results differed significantly 
from the classical theoretical (Wenzel and Cassie–Baxter) models but showed good 
agreement with the proposed partial wetting model. Thus, the partial wetting model 
appears to provide an appropriate static method for expressing the wetting behavior of 
structured surface.
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Effective Wetting Area Based on 
Electrochemical Impedance Analysis 
 
5.1 Introduction 
Electrochemical impedance spectroscopy (EIS) is a practical technique applied in 
numerous fields, especially in surface science [129-133], which provides useful solid–
liquid interfacial information based on the signal response under sinusoidal potential 
excitation at different frequencies [134-138]. The definition of impedance is the concept 
of complex impedance, which is usually measured by applying an alternating current 
(AC) potential signal to an electrochemical measurement system and evaluate the output 
current. In the evaluation of the electrochemical impedance, we input a sinusoidal 
potential excitation signal and output an AC current response. This current signal can be 
analyzed as a sum of sinusoidal functions and the electrochemical impedance is calculated 
based on the expression analogous to Ohm's Law.  
In this chapter, the electrochemical impedance of hydrophilic nano/microstructured Al 
surfaces and hydrophobic patterned Si surfaces are measured to evaluate the effective 
wetting area at the solid–liquid interfaces. We first applied the theoretical wetting models 
to the equivalent electrical circuits for the electrochemical impedance analysis to estimate 
the effective wetting area, further to investigate the correlation between wettability and 
electrochemical impedance. In addition, the measured data is confirmed by the 
comparison with wetting models to ensure the validity of this method. 
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5.2 Structured aluminum surface 
5.2.1 Experimental conditions and equipment 
The schematic view of the electrochemical impedance measurement equipment is shown 
in Figure 5-1. The electrochemical properties of the Al samples were investigated by EIS 
using an electrochemical workstation (CHI660E, CH Instruments, China). The 
electrochemical measurements were performed in a three-electrode system comprising a 
saturated calomel electrode (SCE) as the reference electrode, a platinum wire as the 
counter electrode, an Al sample with an exposed surface area of 3.9 cm2 (15 mm × 13 
mm × 2 sides) as the working electrode, and a 3.5 wt% NaCl solution as the electrolyte. 
Prior to the electrochemical measurements, the sample was immersed in the electrolyte 
for 60 min to obtain a stable open circuit potential (OCP). A sinusoidal perturbation signal 
of 5 mV amplitude was then applied, and the impedance spectra were recorded at OCP in 
the frequency range 0.1 Hz–100 kHz using a logarithmic sweep. The electrochemical data 
were analyzed with the aid of CHI660E, Zsimpwin, and Zview (Scribner Associates Inc.) 
software. 
 
Figure 5-1 Schematic view of electrochemical impedance measurement apparatus. 
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5.2.2 Electrochemical impedance analysis 
EIS was used to analyze the interfacial electrical impedance of the samples. Typical 
Nyquist plots for the hydrophilic Al samples, which represent impedance as a complex 
number with its real part in the horizontal-axis and imaginary part in the vertical-axis, are 
shown in Figure 5-2. The impedance of the bare Al sample with a WCA of 77.79° is the 
highest, whereas that of the sample etched for 20 s, which has a WCA of 4.13°, is the 
lowest. That is, electrochemical impedance is correlated with wettability and decreases 
as WCA decreases. 
Since the semi-ellipsoids in the Nyquist plots (Figure 5-2) are attributed to surface 
defects or inhomogeneities, an EEC with one time constant shown in Figure 5-3a is 
applied to analyze the measured EIS data of the flat Al sample. Here Rs is the solution 
resistance, which is dominated by the electrolyte at a given working electrode surface; 
Cdl is the double-layer capacitance related to the surface structure depending on frequency; 
and Rct is the charge transfer resistance determined by the surface conductivity and the 
polarization resistance [139]. 
Compared to the EEC of the flat surface, a capacitance is added to the non-wetting area, 
Cnon, as a parallel element on the structured surface. Therefore, the total equivalent 
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(c) 23.86 (d) 12.45













Figure 5-2 Nyquist plots for Al surfaces with the contact angle of 77.79°, 35.23°, 
23.86°, 12.45°, 6.80° and 4.13° in 3.5 wt% NaCl solution. 
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area impedances. Figure 5-3b shows the EEC for the primary microstructured surface, 
and Figure 5-3c shows that for the hierarchically nano/microstructured surface. 
Remarkably, electrons and charged ions cannot easily pass through the non-wetting area 




|. However, for the tested 
frequency region, the parallel part of the wetting area is clearly far more significant than 
that of the non-wetting area, and the EEC can be simplified to that shown in Figure 5-3a. 
For the one time constant EEC, a constant phase element (CPE) is used to fit the non-




























Figure 5-3 Schematic views and equivalent electrical circuits (EECs) for the solid–
liquid interfaces of different samples immersed in NaCl solutions: (a) flat surface, (b) 
fully wetted structured surface, (c) non-wetted structured surface, (d) partial wetted 
structured surface and (e) partial wetted hierarchically structured surface. 
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where j is a unit of the imaginary part ( j = √-1 ), ω is the angular frequency, ω = 2πf 
(rad/s), n is an exponential coefficient, and Q is a constant [140, 141]. Therefore, the 











The comparison of Nyquist plots simulated by CPE and that of Cdl for Al surfaces are 
shown in Figure 5-4. The CPE (red line) and Cdl plots (blue line) agree well with the 
experimental results, and no significant difference was observed. Table 5-1 summarizes 
the data analyzed for each sample. The value of n can be approximated to 1 because it is 
in a range of 0.861–0.930. Also, the simulated results of CPE and Cdl for the etched 
samples show tendencies similar to those for the bare Al, which is in agreement with the 
experimental results. Thus, the CPE shows capacitor behavior and can be replaced by Cdl. 
Based on the EEC shown in Figure 5-3a, the impedance Z and the modulus of 

























2 is small enough to be neglected at low frequency [142]. Thus, |Z| is 
s ctZ R R  , (5-5) 
where |Z| ≈ Rct  if Rs ≪ Rct . Defining Z0 as the impedance of flat bare Al surface 
(apparent area (A0) = 3.9 cm






  (5-6) 
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Figure 5-4 Nyquist plots of the experimental data and those derived from Eq. (5-2) 
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Figure 5-5 Bode plots for Al surfaces with the contact angle of 77.79°, 35.23°, 23.86°, 
12.45°, 6.80° and 4.13° in 3.5 wt.% NaCl solution. 
Figure 5-5 shows the Bode plots for the surfaces with different wettability. One time 
constant is generally considerd to describe the reaction process between solid surfaces 
and electrolyte as shown in Figure 5-5a. A clear decrease in the global impedance is 
obseverd for the structured Al surfaces (Figure 5-5b), which show smaller impedance than 
the flat surface. Also, the impedance decreased with the decreasing of contact angle, 
indicating the same tendency as the Nyquist plots. Moreover, the dominate parameter of 
the global impedance in different frquency range is examined based on the Bode plot. As 
described in Figure 5-5b, the charge transfer resistance, double layer capacitance and 
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region and high frequency region, respectively. 
5.2.3 Effective wetting area analysis 
Table 5-2 shows the analysis results based on EIS data for the low frequency of 0.1 Hz. 
The impedance modulus |Z| is almost equal to Rct, and Rs is small enough to be ignored. 
The impedance of Cdl is large at low frequency; however, it can be ignored because it is 
a parallel element in the EECs. We confirm that Rct is the dominant factor for |Z| at low 
frequency. Furthermore, the real contact areas for the partial wetting model were 
estimated and, as shown in Table 5-2, the effective wetting area increases with decreasing 
contact angle. The ratio of the real contact area to the apparent area for the sample etched 
for 20 s is close to 1.97 owing to the denser nano/microstructures, as shown in Figure 3-
16 (f). As shown in Figure 5-6, the total impedance modulus and Rct show a similar 
correlation with the WCA at low frequency, i.e., a surface with a larger WCA has a larger 
impedance and smaller effective wetting area. Moreover, compared to other elements 
shown in EECs, Rct is found to be the dominant parameter at low frequency and can be 
































































Figure 5-6 Effect of contact angle on electrochemical property and real contact area: (a) 
impedance modulus and (b) charge transfer resistance (the dotted lines are eye guides). 
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5.3 Structured silicon surface 
5.3.1 Experimental conditions and equipment 
The electrochemical impedance measurement system for the Si surfaces is same to that 
of Al surfaces shown in Figure 5-1. The electrochemical properties of the samples were 
investigated by EIS using a combination of potentiostat galvanostat (1287A, Solartron, 
USA) and impedance analyzer (1260A, Solartron, USA). The electrochemical 
measurements were also performed in a three-electrode system comprising a silver 
chloride electrode as the reference electrode, a platinum foil as the counter electrode, an 
Si sample with an exposed surface area of 0.25 cm2 (5 mm × 5 mm) as the working 
electrode, and 1 M NaCl aqueous solution as the electrolyte. Prior to the electrochemical 
measurements, the sample was immersed in the electrolyte for 20 min to obtain a stable 
open circuit potential (OCP). A sinusoidal perturbation signal of 5~20 mV amplitude was 
then applied, and the impedance spectra were recorded at OCP in the frequency range 0.1 
Hz–100 kHz using a logarithmic sweep. The electrochemical data were analyzed with the 
aid of Zview (Scribner Associates Inc.) software. 
5.3.2 Electrochemical impedance analysis 
In order to clarify the correlation between wettability and electrochemical impedance, the 
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surface wettability of 10 Si samples is investigated before the measurement of the 
impedance. The results are illustrated in Figure 5-7 and the detailed structural parameters 
and WCAs are shown in the Table 5-3. As described in Chapter 4, the WCA of the 
patterned Si surfaces decrease with the increasing of the solid fraction. The largest WCA 
111.7º is obtained at Φ=0.15 and gradually decreased to the smallest WCA 87.7º which 






































































Figure 5-8 Nyquist plots for Si surfaces with different wettability in 1 M NaCl 
solution. 
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Figure 5-9 Schematic views and equivalent electrical circuits (EECs) for the solid–
liquid interfaces of patterned Si surfaces immersed in 1 M NaCl solution: (a) flat surface, 
(b) patterned surface. 
Table 5-3 Wettability and structural parameters of the patterned silicon surfaces 
Samples a[µm] b[µm] s[µm] Solid fraction Φ Contact angle θ [°] 
1 6.7 1.3 8 0.30 103.7 
2 5.3 2.7 8 0.56 102.0 
3 4.3 3.7 8 0.71 87.7 
4 8.6 1.4 10 0.26 109.9 
5 7.5 2.5 10 0.44 101.1 
6 6.3 3.7 10 0.60 100.0 
7 11.8 3.2 15 0.38 101.9 
8 13.8 1.2 15 0.15 111.7 
9 9.8 5.2 15 0.57 98.9 
flat  - - - 1 79.5 
Typical Nyquist plots for the patterned Si substrates are shown in Figure 5-8. Generally, 
the larger semicircle diameter of Nyquist plots, the larger electrochemical impedance. 
Based on experimental results, the correlation between wettability and electrochemical 
impedance at patterned Si surfaces are obtained. We can find that the semicircle diameter 
varied with the shift of surface wettability, indicating that the surface wettability 
possessed an important influence on the electrochemical property. The main tendency of 
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of WCA at patterned Si surfaces. EECs shown in Figure 5-9a and b are investigated to 
analyze the measured EIS data of the flat Si and pattern Si surfaces. Same to the 
description in Figure 5-3, the Rs is the solution resistance, Cdl is the double-layer 
capacitance and Rct is the charge transfer resistance. Also, the Cnon is applied here to 
describe the effect of non-wetting area to the impedance. As listed in Table 5-4, the 
impedance modulus of the Si samples is calculated based on the Eq. (5-4) by applying the 
measured electrochemical parameters that mentioned above. 
Table 5-4 Impedance elements and real contact area for patterned Si surfaces. 
Samples Rs [Ωcm
2] Rct [Ωcm
2] |Z| [Ωcm2] Aew/A0 Aew [cm
2] 
1 46408 1172800 1219208 0.48 0.12 
2 40638 822010 862648 0.68 0.17 
3 40551 661040 701591 0.83 0.21 
4 49028 524580 573608 1.02 0.26 
5 33683 690790 724473 0.81 0.20 
6 42841 714840 757681 0.77 0.19 
7 46473 585570 632043 0.92 0.23 
8 46989 586690 633679 0.92 0.23 
9 49892 751420 801312 0.73 0.18 
Flat 34731 549580 584311 1 0.25 
5.3.3 Effective wetting area analysis 
Effective wetting area is a significant parameter to determine the detailed wetting 
behavior at structured surface, which is also important for the investigation of thermal 
transport and electrical conductivity at the solid–liquid interface. In order to estimate the 
effective wetting area of the patterned Si surfaces, both theoretical wetting models and 
experimental electrochemical impedance are analyzed. 
On the one hand, the experimental study of effective wetting area at hydrophobic 
patterned Si surfaces is examined by applying the partial wetting model to the equivalent 
electrical circuits. Similar to the hydrophilic case, the impedance modulus is thus 
calculated based on the equivalent electrical circuit, showing a dependence on the water 
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contact angle. The relation between effective wetting area and apparent contact area 
Aew/A0 is calculated by Eq. (5-6). Our results indicate that Si surface with larger water 
contact angle has larger impedance modulus but smaller effective wetting area, as shown 
in Figure 5-10. Also, the total impedance modulus increased with the increasing of WCAs, 
indicating that surface with larger WCA has larger impedance (black dots) and smaller 
effective wetting area (red squares). 
On the other hand, the theoretical estimation of effective wetting area was performed 
on the basis of wetting models, measured contact angles and structural parameters. As 
talked in Chapter 4, the wetting state of the patterned Si surfaces corresponds well with 
the partial wetting model. Thus, partial wetting model (Eq. (2-39)) is applied here as the 
theoretical wetting model to estimate the effective wetting area. Moreover, the solid 
fraction Ф and surface area increment ratio rw was calculated based on the shape of 
patterned structures and the given structural parameters, which are summarized in Table 
5-5. As a result, the effective wetting area Aew is equal to the real solid–liquid contact area 
at the structured surface, which can be written as: 
 
ew sl 0 sl




































Figure 5-10 Effect of contact angle on electrochemical property and real contact area. 
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Here, A0 is the solid–liquid contact area and Фsl is the ratio of the solid–liquid contact 
area to the apparent contact area as presented in Chapter 2. 
Table 5-5 Real contact area determined by surface wettability for patterned Si surfaces. 
Samples Φ rw Contact angle θ [°] Aew/A0 
1 0.30 1.51 103.7 0.84 
2 0.56 1.32 102.0 0.73 
3 0.71 1.21 87.7 0.97 
4 0.26 1.54 109.9 0.72 
5 0.44 1.41 101.1 0.82 
6 0.60 1.29 100.0 0.76 
7 0.38 1.45 101.9 0.83 
8 0.15 1.62 111.7 0.75 
9 0.57 1.31 98.9 0.80 
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Figure 5-12 Experimental data of effective wetting area based on electrochemical 
impedance results and wettability results. 
As shown in Figure 5-12, a comparison of effective wetting area from both theoretical 
wetting models and experimental results is conducted. The theoretical results based on 
the partial wetting model (blue line) is shown for comparison with the WCA measurement 
results (black dots) and impedance measurement results (red squares). Except two 
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deviated results at Ф=0.26 and Ф=0.30, the effective wetting area obtained by the 
impedance measurement results and WCA measurement results are correspond well with 
each other, which certified the validity of these two methods in the estimation of effective 
wetting area. 
5.4 Conclusions 
In this chapter, the effective wetting area of the solid–liquid interface at the 
nano/microstructured surface was investigated on the basis of the electrochemical 
impedance analysis. The equivalent electrical circuits for the electrochemical impedance 
analysis were applied to estimate the effective wetting area of hydrophilic 
nano/microstructured Al surfaces and hydrophobic patterned Si surfaces. We found that 
the electrochemical impedance decreases with reducing water contact angle, showing a 
dependence on the effective wetting area at the solid–liquid interface. Also, the charge 
transfer resistance at a low frequency is the most important factor to estimate the effective 
wetting area at the solid–liquid interface. 
Additionally, the comparison of effective wetting area on the patterned Si surfaces from 
both electrochemical impedance and measured WCAs results was studied. The effective 
wetting area obtained from electrochemical and wettability results are correspond well 
with each other, indicating the electrochemical method can be used for the estimation of 
effective wetting area at structured surfaces. 
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6.1 Conclusions 
This thesis described basic theory, experiments, as well as the comparison between 
theoretical and experimental results, which are all based on the study of wettability. We 
mainly focus the intermediate wetting state between Wenzel and Cassie–Baxter states and 
proposed the partial wetting model. The most important results are summarized below 
together. 
A static partial wetting model was proposed and derived theoretically based on the 
energy minimization method. The intermediate wetting state between Wenzel model for 
a fully wetting state and Cassie–Baxter model for a completely non-wetting state on 
structured surface is under consideration. We adopted the surface energy minimization 
for the total surface energy in the intermediate wetting state and derived an equation using 
a parameter defined as the effective wetting ratio to interpret the partial wetting. Based 
on the measured water contact angles, the effective wetting ratio was empirically defined 
as a function of the surface solid fraction and fractal dimension, showing the similarities 
of the wetting state between the micro- and nano-structures at the nano/micro hierarchical 
structured surfaces. 
In the experimentally study of wettability, the nano/microstructured surfaces were 
fabricated on silicon and aluminum substrates by chemical etching and anodic etching 
methods. The water contact angles were measured and analyzed at the fabricated 
structured surfaces. In order to indicate the effect of physical morphology on wettability, 
surface solid fraction was obtained based on the analysis of surface structural parameters, 
which was found as the dominant physical-morphological factor controlling surface 
wettability. Also, the effect of chemical composition on wettability was studied at 
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structured Al surfaces. We found that after coated with the low surface energy fluororesin 
coating, the wettability of structured Al surface changed from hydrophilic to hydrophobic. 
Furthermore, according to the comparisons between theoretical wetting models and 
experimental wettability of hydrophobic surfaces, we found the partial wetting model is 
better to describe the wetting behavior at the structured Si and Al surfaces than classical 
Wenzel and Cassie–Baxter models. 
Based on the application of partial wetting model to the equivalent electrical circuits 
for the electrochemical impedance analysis, the effective wetting area of hydrophilic 
nano/microstructured Al surfaces and patterned Si surfaces were estimated. We found that 
the impedance modulus depends on the contact angle, decreasing with the WCAs due to 
the increased effective wetting area. Furthermore, according to the impedance 
comparison between structured surfaces and flat surface, the effective wetting area on 
structured surfaces was obtained. 
6.2 Outlook 
The results described in the thesis suggest several future work directions, both on the 
theoretical wetting models and experimental methods.  
For the theoretical wetting models, we proposed a static partial wetting model to better 
describe the wetting behavior at the structured surfaces in chapter 2. In the next step, the 
partial wetting model will be improved from two directions. On the one hand, the scale 
effect of the structures will be considered into the partial wetting model to clarify the 
detailed effects of nano, micro or larger scale structures to wettability. On the other hand, 
empirical equation of effective wetting ratio f will be improved, which is obtained by 
substituting the experimental data into partial wetting equation. 
For the experimental methods, we studied the effective wetting area of the solid–liquid 
interface at the hydrophilic nano/microstructured surface based on the analysis of 
electrochemical impedance in chapter 5. Further experiments and electrochemical 
analysis on the effective wetting area at the hydrophobic nano/microstructured Al 
surfaces will be investigated. Furthermore, the electrochemical analysis will be compared 
with the results obtained from partial wetting model. 
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Intermediate Wetting State at Nano/Microstructured Surfaces 
Gyoko NAGAYAMA*, Dejian ZHANG 
A general partial wetting model to describe an intermediate wetting state is proposed in this study 
to explain the deviations between the experimental results and classical theoretical wetting models 
for hydrophobic surface. We derived the theoretical partial wetting model for the static 
intermediate wetting state based on the thermodynamic energy minimization method. The contact 
angle based on the partial wetting model is a function of structural parameters and effective 
wetting ratio f, which agrees with the classical Wenzel and Cassie–Baxter models at f=1 and 0, 
respectively. Si samples including porous surfaces, patterned surfaces and hierarchical 
nano/microstructured surfaces were prepared experimentally, having same chemical composition 
but different physical morphology. We found that the experimental water contact angles deviate 
significantly from the classical Wenzel and Cassie–Baxter models but show good agreement with 
the proposed partial wetting model.
1. Introduction 
Nature-inspired artificial surfaces1–5 with controllable 
wettability attract much interest in various engineering 
and industrial technologies, such as high-performance 
nano/microscale thermal fluidic systems, bio-chips for 
DNA detection, and membrane electrode assemblies 
for micro fuel cell systems.6–12 Basically, wettability 
can be controlled by varying physical morphology and 
chemical composition to fabricate hydrophobic, 
superhydrophobic, hydrophilic, and superhydrophilic 
surfaces.13–18 Regarding the effect of physical 
morphology on wettability, Wenzel model represents 
the fully-wetted state, while Cassie–Baxter model 
describes the non-wetted state on rough surfaces.19,20 
However, a perfect state of Wenzel or Cassie–Baxter 
model is rare in real situations.21 An intermediate state, 
i.e., the mixed-wetting state or the partial wetting state, 
exists between the Wenzel and Cassie–Baxter states.22–
27 Effective wetting ratio f has been initially introduced as a 
dominant factor for the partial wetting model, which 
represents the proportion of liquid wetting into the structure. 
It is clear that f ranges from f=0 at the non-wetted Cassie–
Baxter state to f=1 at the fully wetted Wenzel state (see Fig. 
1).28 To obtain a clear understanding of wetting 
behavior on the structured surface, the classical Wenzel 
and Cassie−Baxter models are insufficient and further 
studies on the intermediate state are necessary. 
To date, wetting is commonly described by the 
contact angle or contact angle hysteresis, placing less 
emphasis on the detailed wetting state or effective 
wetting area (i.e. real contact area) in the vicinity of the 
solid–liquid–vapor interface. A significant number of 
studies have been conducted on the dynamic wetting 
transition from Cassie–Baxter state to Wenzel state.29–
31 The process is a forced dynamic wetting transition 
accompanying with a time dependent contact angle. It 
occurs under external stimuli, showing a dependence on the 
degree of the driving force (to provide activation energy to 
overcome the transition barrier). That is, the wetting 
transition will not occur spontaneously and a time-
independent wetting state will be kept for a droplet under 
equilibrium condition.30,32,33 Therefore, the static contact 
angle plays important role to describe the intrinsic 
wettability of a given solid–liquid system. On the other hand, 
a number of experimental static water contact angles 
disagree with either the theoretical Wenzel contact angles 
or the Cassie–Baxter ones.26,34–38 For example, the 
experimental water contact angles conducted by Erbil et al. 
at superhydrophobic surfaces were larger than those 
predicted by Wenzel or Cassie–Baxter models.37,38 
Significant deviations between the experimental and the 
theoretical results also have been reported,26,34–36 implying 
an intermediate wetting state between Wenzel and Cassie–
Baxter states. Miwa et al. first proposed a mix-wetting 
state and Marmur discussed in more details later.22,23 
Further studies conducted by Luo et al. demonstrated 
the stable intermediate wetting state at the surfaces 
patterned by parallel microchannels and periodic 
micropillars.24,25 Yang et al. discussed intermediate 
wetting state based on the Gibbs's interfacial free 
energy principle and they also observed a static 
intermediate wetting state on an anodic aluminum 
Department of Mechanical Engineering, Kyushu Institute of Technology, Sensui 1-
1, Tobata, Kitakyushu, Fukuoka 804-8550, Japan.  
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oxide film surfaces.26 Furthermore, a combined Cassie–
Baxter/Wenzel state was reported by Liu et al. for a 
static droplet condensed on a lotus leaf surface.36 These 
studies provided sufficient evidences on the existence 
of the static intermediate wetting state at the structured 
surfaces. However, the underlying mechanism of the 
static intermediate wetting state is still open for 
questions and a general model is necessary to describe 
the contact angle for the intermediate wetting state. 
A general theoretical model of intermediate wetting 
state for the static contact angle is possible to be 
obtained by minimizing the surface free energy of a 
system consisting of a structured surface and droplet. In 
the past few decades, thermodynamic analysis based on 
the minimum energy principle of a system consisting of 
a solid surface and droplet, has been applied to derive 
the Young’s model at a flat surface system39,40 and the 
Wenzel/Cassie–Baxter models at structured surface 
systems.23,41 Sajadinia et al. proposed a combination 
model of the Wenzel and Cassie–Baxter states for the 
dual scale structures consisting of nanopillars and 
micropillars.42 Since the sidewalls at the dual scale 
structures were assumed to be flat in the combination 
model by Sajadinia et al., Wu et al. performed 
numerical simulations including the structured 
sidewalls, showing a result of significant enhancement 
on superhydrophobic stability.43 These previous studies 
provide the methodologies on the energy minimization 
analysis at the nano/microstructured surfaces, while the 
wetting states are limited to various combinations of the 
full wetting (Wenzel) and the non-wetting (Cassie–
Baxter) states. 
In this study, we focus on the intermediate wetting 
state between the Wenzel and Cassie–Baxter states. A 
partial wetting model is proposed based on the energy 
minimization for the static intermediate wetting state 
characterized by the effective wetting ratio. 
Microstructured and nano/micro hierarchically 
structured surfaces were prepared on silicon (Si) 
substrates and the contact angles were measured 
experimentally. The effective wetting ratio at the 
structured surface was estimated based on the 
experimental data and an empirical equation as a 
function of surface solid fraction and fractal dimension 
was proposed. Furthermore, a comparison between 
experimental results and theoretical wetting models 
was drawn. 
2. Methods 
2.1 Theoretical Models 
From the macroscopic viewpoint, surface wettability is 
usually evaluated by contact angle. For an equilibrium 
droplet at flat surface, the contact angle θY predicted by 









  (1) 
where γsl, γsv, and γlv denote the surface tension of the solid–
liquid, solid–vapor, and liquid–vapor interfaces, 
respectively.44 Since Young's equation presumes an ideal 
system with a perfectly flat and homogeneous surface, for 
the rough and structured surface, Wenzel proposed a fully 
wetting model, while Cassie and Baxter put forward a non-
wetting model based on Young's equation. Figures 1a and 
1b show schematics of the wetting states described by 
Wenzel and Cassie–Baxter. 
In the Wenzel model, the contact angle θW is 
W w Ycos cosr   (2) 
where rw is the area ratio of the structured surface to the 
corresponding flat surface.19 In the Cassie–Baxter model, 
the contact angle θC is,20 
 C Ycos cos 1 cos180        (3) 
where solid fraction Ф is the ratio of solid area to the 
apparent area at thashe structured surface. 
However, the validity of these classical descriptions 
remains questionable in nano/microscale system 
applications for real, rough surfaces, and the explanation for 
the existing static intermediate state is insufficient. To 
obtain a better understanding on the static intermediate state, 
we proposed a partial wetting model, initially based on 
molecular dynamics simulations method.28 As shown in Fig. 
1c, the proposed model describes the degree of wetting in 
the concave volume of surface structures by applying liquid 
wetting ratio and contact angle as follows, 
sl Y lvcos cos cos180       (4) 
where Фsl and Фlv are the area ratio of the solid–liquid and 
liquid–vapor interface to the flat surface, respectively. 
2.2 Theoretical Derivation of Partial Wetting Model 
Based on thermodynamic analysis. 
Suppose a droplet is placed on a perfectly flat solid surface 
with a constant contact angle θ, under the assumption of 
zero gravity and ideal thermal equilibrium in the system. 
For a flat surface of total area A, the areas of the liquid–
vapor interface Alv, the solid–liquid interface Asl and the 
solid–vapor interface Asv are 
 2lv 2 1 cosA R     
(a) (b) (c) 
Fig. 1 Schematics of wetting states on structured 
surfaces for: (a) Wenzel model, (b) Cassie–Baxter model 
and (c) partial wetting model. 
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 
2
sl sinA R    
sv slA A A   (5) 
where R is the contact radius of the droplet. The total surface 
energy of the system E is 
sl sl sv sv lv lvE A A A      (6) 
Similarly, for a droplet at the structured surface, the total 
energy of the system E′ is, 
' ' ' '




'  are the areas of solid–liquid interface, 
solid–vapor interface, and liquid–vapor interface 
respectively, depending on the wetting state. The area of Asl
' , 
has a maximum value of Asl×rw for the fully wetting state 
of the Wenzel model, while has a minimum value of Asl×Φ 
for the non-wetting state of Cassie–Baxter model. For the 
intermediate state of the partial wetting model, the area of 
Asl
'  is larger than Asl×Φ but smaller than Asl×rw and can be 
written as 
 'sl sl wA A r f       (8) 
where f is defined as the effective wetting ratio inside the 
structures, associating with the increment of the wetted area 
at the structured surface. Accordingly, Asv
' , Alv
'  can be 
written as 
 'sv sl wwA Ar A r f        
  'lv lv sl 1 1A A A f     (9) 
and the total energy of the system shown in Eq. (7) becomes 
 ' sl w sl sv
lv sl lv w sv
( ) ( )
       [ (1 )(1 )]
E A Φ r Φ f
A A Φ f Ar
 
 
   
    
 (10) 
Substituting Eq. (5) to Eq. (10), the total differential of Eq. 
(10) results in 
   
 







2 sin 2 sin cos
        4 1 cos 2 sin
        2 sin 2 sin cos 1 1
dE R dR R d r f
R dR R d
R dR R d f
       
   
     
           
      




Since the variation of energy should be satisfied to ' 0dE   
based on the energy minimization for the equilibrium 
system, thus, we can obtain 
      w sv sl lvcos 1 1 0r f f                     
 (12) 
by substituting   
 









 into Eq. (11) 
under the assumption of the constant volume of the droplet. 
Therefore, the contact angle becomes 
    w Ycos cos 1 1 cos180r f f              (13) 
Defining  sl wr f      and   lv 1 1 f     , the 
contact angle for the partial wetting model shown in Eq. (4) 
can be derived. 
As shown in Fig. 2, Фsl results in the surface area 
increment ratio rw (=Asl/A= Ф+(rw–Ф)×1) for the Wenzel 
state; the solid fraction Ф (=Asl/A=Ф+(rw–Ф)×0) for the 
Cassie–Baxter state. Also, Фlv results in 0 for the Wenzel 
state, while results in 1–Ф for the Cassie–Baxter state. That 
is, for the intermediate state of partial wetting, Ф < Фsl < rw, 
while 0 < Фlv <1–Ф. 
Фsl and Фlv are proposed for a general wetting state 
which might be a uniform intermediate wetting state or a 
mixed intermediate wetting state45 as shown in Fig. 2c. For 
a surface of given structural parameters of Ф and rw, the 
theoretical contact angle can be described by Eq. (4). 
However, the effective wetting ratio f is an unknown factor. 
An empirical method to determine f will be discussed in a 
later section. 
The intermediate state of partial wetting at nano/micro 
hierarchically structured surfaces is shown in Fig. 2d. The 
ratio of the solid–liquid interface area to the apparent 
contact area for the hierarchical structured surface becomes 
to Фsl1×Фsl2 and that of the liquid–vapor interface area to the 
apparent contact area becomes to Фlv1+Фsl1×Фlv2. Here, the 
Фsl1, Фlv1 are the area ratios of the solid–liquid and liquid–
(a) (b) (c) 
Primary structure 




Fig. 2 Schematics of the wetting models on structured 
surfaces: (a) Wenzel model, (b) Cassie–Baxter model, (c) 
partial wetting model for one-scale structured surface and (d) 
partial wetting model for dual-scale structured surface. The 
red and blue lines indicate the ratio of the solid–liquid 
interface and liquid–vapor interface, respectively. 
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vapor interface to the flat surface at the primary structure 
and Фsl2, Фlv2 are those at the secondary structure. 
Considering the similarity of the wetting state between the 
primary structures and the secondary structures, where 
Фsl1=Фsl2=Фsl and Фlv1=Фlv2=Фlv, the ratio of the solid–
liquid interface area to the apparent contact area for the 
hierarchical structured surface becomes to Фsl×Фsl, and that 
of the liquid–vapor interface area to the apparent contact 
area is Фlv+Фsl×Фlv. Therefore, the contact angle of a 
nano/micro hierarchically structured surface can be used in 
the following equation. 
 22 sl Y lv sl lvcos cos cos180          (14) 
2.3 Experimental methods 
Anodization (photo-assisted electrochemical etching) and 
chemical etching methods were used to prepare surfaces 
with micro- and nano/micro hierarchical structures. We 
prepared 83 Si samples including 42 porous surfaces, 29 
patterned surfaces and 12 hierarchical nano/microstructured 
surfaces. All of the substrates have same chemical 
composition but different physical morphology. 
Porous Si surfaces. To fabricate porous surfaces, n-type 
(100) Si substrates of 2 cm × 2 cm were anodized in a 
hydrofluoric acid electrolyte solution at the etching area of 
0.636 cm2.11 The photo-assisted anodized process is under a 
metal halide light source (MME-250, MORITEX, Japan). 
The detailed anodic etching conditions are listed in Table 1. 
The pores of 1–6 μm in diameter were obtained at the anodic 
etching area. The pores grew to 80–120 μm in length 
through the cross-section of the Si wafer proportional to the 
etching time. The SEM images shown in Fig. 3 are the 
typical top view of the porous Si surfaces after the 
anodization process. We can find pores covered the surface 
randomly and the mean pore diameter d is ~2–3 μm. Since 
the total pore area Apore in the given area A of the surface 
image can be obtained by integrating the area of each pore 
based on the surface image analysis (Fig. 3c), the solid 
fraction Ф of porous surface is determined by pore1 A A , 
ranging from 0.13 to 0.91 for the fabricated samples (Figs. 
s2-s4 in supplementary information). Fig. 4a shows the 
typical inclined view image of the porous Si surface. The 
side surface is covered with nano needle-like structures and 
micropores, while the surfaces inside of the micropores 
show a close similarity to the top surface. 
Table 1. Parameters of anodic etching to fabricate 
structured Si surfaces.11,12 











Etching time [min] 60–240 60–120 
Patterned Si surfaces. The conventional wet chemical 
etching used in microfabrication was employed to prepare 
the patterned microstructured surfaces. Anisotropic wet-




Fig. 4 Typical inclined views of structured Si surfaces: (a) porous Si, (b) patterned Si and (c) nano/micro 



































Fig. 3 Typical top views of porous Si surfaces: (a) Ф=0.91, 
(b) Ф=0.78, (c) Ф=0.69 with its histogram of pore diameter 
distribution, (d) Ф=0.56 and (e) Ф=0.29. 
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substrate of 2 cm × 2 cm, resulting to uniform micropores 
in an area of ~1 cm2. The square orifices of the pores were 
a, ranging from 5 to 140 μm and the pitches separating the 
pores were s – a, ranging from 3 to 12 μm. Hence, the 
surface solid fraction could be estimated as 2 2 2( ) /s a s . 
SEM images shown in Fig. 5 are the typical top views of the 
patterned Si surfaces. Since the depth of the pores, h, was 
limited to 13 μm, the pore arrays were in triangular, 
trapezoidal cross-sections (with a specific angle of 54.74 
degree between the (111) and (100) planes due to 
anisotropic wet-etching on (100) Si) as shown in the 
schematic side views. 
Hierarchical structured Si surfaces. A combination of 
microelectromechanical fabrication technology and photo-
assisted anodic etching methods were employed to fabricate 
the hierarchical structured surfaces.12 Further anodic 
etching of the patterned Si surface was performed under the 
conditions shown in Table 1. As shown in Figs. 4b and 5, 
the patterned Si surfaces are almost flat before anodic 
etching. Compared with the patterned Si surfaces, smaller 
and denser nanoscale needle-like structures are generated on 
the top of the patterned surface and inside the pores after 
anodic etching as shown in Figs. 4c and 6. That is, the 
anodic etched patterned Si surfaces have structures over the 
range of length from nanoscale to microscale, and formed 
nano/micro hierarchical structured surfaces. 
 
2.4 Surface Characterization 
Fractal dimension analysis on surface images were carried 
out with the aid of fractal analysis software (fractal3, Ver. 
3.4.7, NARO). The fractal dimension D is obtained from the 
gray scale images by box counting method. For porous Si, 
D was ~2.4, while that for the patterned microstructured Si 
was ~2.2 (see Figs. s5 and s6 in supplementary information). 
To isolate the effect of physical morphology on surface 
wettability, all of the substrates were prepared carefully to 
have same chemical composition but different physical 
morphology. Both acetone and buffered hydrofluoric acid 
solutions were used to remove contamination and silicon 
oxide film from the Si surfaces in the ultrasonic bath, and 
then rinsed by pure water repeatedly. The water contact 
angle (WCA) was measured with a microscope system 
(Keyence VH-200) using θ/2 method at 25 °C.46,47 Pure 
water (Kishida Chemical, electrical resistivity 18 Mcm) 
was supplied to the surfaces using a micro-syringe with a 
constant volume of 4 μL. Before WCAs measurement at the 
etched area, the WCA at the un-etched area for every sample 
has been confirmed to be the same as that at the flat surface 
of θY (79.5°±1.5°). That is, all of the samples almost have 
same chemical compositions. To prevent the contamination 
and evaporation at the droplet surface, the measurement of 
WCA has been carried out within 10 minutes after surface 
cleaning, covered with a measurement cell (see Fig. s8 in 
supplementary information). Each static WCA test was 
repeated five times, and the results were averaged for use in 
subsequent analysis. 
Ф=0.74 (a) 






Fig. 5 Typical top views of patterned Si surfaces: (a) Ф=0.74, 





















Fig. 6 Typical top views of nano/micro hierarchically 
structured Si surfaces: (a) Ф=0.74, (b) Ф=0.69, (c) Ф=0.56 
and (d) Ф=0.31. 
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3 Results and discussion 
3.1 Water contact angles (WCAs) 
Figure 7 shows the WCAs on the micro- and hierarchically 
structured Si surfaces as a function of solid fraction Ф. The 
WCA on flat surface (Ф=0 or 1) is 79.50° and those on the 
porous Si surfaces are varied from 91.50° to 129.57° 
(Ф=0.13~0.91), having the maximum WCA of 
θmax=129.57° at Ф=0.49 as shown in Fig. 7a. The WCAs 
increase with increasing solid fraction in the range of 
Ф<0.49, while decreased in the range of Ф>0.49. It is clear 
that the geometrical nano/microstructures of porous Si can 
improve surface hydrophobic properties. Also, the results 
indicate that the solid fraction is a dominant physical factor 
affecting the surface wettability. 
Experimental WCA results on patterned Si and 
hierarchically structured Si surfaces are presented in Fig. 7b. 
The WCAs on patterned Si surfaces (blue squares) increase 
as increasing solid fraction before reaching a maximum 
value of 125.96° at Ф=0.11 and then decrease gradually. 
The patterned Si surfaces with primary microscale 
structures display hydrophobicity and the WCAs are much 
larger than those measured at the flat Si (un-etched area). 
Furthermore, the hierarchical structured Si surfaces with 
nanoscale needle-like structures show enhanced 
hydrophobicity and the WCAs (red squares) are larger than 
those of patterned Si surface with the maximum WCA of 
146.60° obtained at Ф=0.38. 
3.2 Effective wetting ratio 
Effective wetting ratio f is defined as the proportion of 
solid–liquid contact area to the apparent area inside of the 
structures, ranging between 0 (Cassie–Baxter state) and 1 
(Wenzel state). Since it is an unknown factor, we obtain the 
effective wetting ratio based on Eqs. (4) and (14) by 
substituting the experimental WCAs θ, θY and the structured 
parameters Ф and rw. As described in Section 2.3, for the 
patterned and hierarchical structured Si surfaces, Ф can be 
determined directly by the structure parameters a and s; 
while it is obtained by the image analysis of surface 
morphology for the porous Si surface. The method to obtain 
rw is a little complex. On the one hand, rw can be calculated 
using a, s, h and the specific angle (54.7º with respect to the 
(100) Si wafer surface) according to its triangular 
/trapezoidal cross-section for the patterned Si surface. On 
the other hand, for the porous and hierarchical structured Si 
surfaces, rw is estimated using the side area of pores lp×he, 
where lp is the perimeter of pore orifice (lp-porous=πd, lp-
hierarchical=4a) and he is the equivalent height of the pores. 
Although rw results in extremely large value up to more than 
100 for the high aspect ratio pores generated at the porous 
Si or hierarchical Si substrates, the maximum equivalent rw-
max is up to the Wenzel model’s limit of 5.49 for θY=79.50 
(rw-max=1/cosθY). That is, the effect of the pore height on the 
effective wetting ratio is limited to an equivalent height, 
where the equivalent height is estimated at rw-max. 
As shown in Fig. 8, the estimated effective wetting ratio 






















































Fig. 7 Experimental WCA results of (a) porous Si and (b) 
patterned Si and hierarchically structured Si. 
Fig. 8 Effective wetting ratio as a function of solid 
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showing a dependence on the fractal dimension D. The 
fitted curves as a function of the solid fraction and the fractal 
dimension showing in Eq. (15), has been proposed 
empirically. 
D-21f    (15) 
Although some data scattering exists, Eq. (15) roughly 
agree with the data estimated from the experiments as 
shown in Fig. 8. Hence, we use Eq. (15) to indicate the 
effective wetting ratio f for the calculation of partial wetting 
model shown in Eqs. (4)-(14). 
3.3 Comparisons between experimental and theoretical 
results 
Comparisons between the experimental WCAs at the 
structured Si surfaces and the theoretical wetting models are 
given in Fig. 9. The experimental WCAs of the structured 
Si surfaces (circles and squares) shows a deviation from 
either Wenzel (dash line) or Cassie–Baxter (dot line) 
models. We also plotted the theoretical predictions based on 
Eqs. (4) and (14) of the partial wetting model. As shown in 
Fig. 9a, the predicted data of Eq. (14) (red line) are 
consistent with the experimental WCAs of porous Si 
surfaces. This implies that the contact mode at the porous 
surface differs from the classical fully wetting or non-
wetting models. That is, an intermediate state between the 
Wenzel and Cassie–Baxter states exists at the porous Si 
surfaces. Similar results were obtained for patterned and 
hierarchically structured Si surfaces (Fig. 9b), where the 
blue and red curves indicate the theoretical partial wetting 
model of one-scale and dual-scale structured surface. The 
WCAs at patterned Si surfaces (blue open squares) agree 
fairly well with the Eq. (4). On the other hand, the WCAs at 
the hierarchical structured Si surfaces (red open squares) 
deviate slightly from Eq. (14) but show better agreement 
than the classical Wenzel and Cassie–Baxter models. 
The theoretical model of the partial wetting proposed in 
this study agrees with the experimental results in general. 
However, there are still few limitations. One is the difficulty 
to estimate the solid fraction and the surface area increment 
ratio on the dual-scale structures. To simplify the theoretical 
prediction for the hierarchical structured surfaces, we made 
an assumption about the similarity of the wetting state 
between the primary structures and the secondary structures. 
Eq. (14) is based on this assumption. Another limitation is 
the difficulty to estimate the equivalent height of the high-
aspect-ratio pore for the porous Si and hierarchical Si 
substrates. We employed an approximation of the 
equivalent height from the maximum equivalent rw-max (rw-
max=1/cosθY) of Wenzel model. However, these assumption 
and approximation need verification. Further investigation 
on the accurate estimation of the effective wetting ratio is 
required. 
4 Conclusions 
We derived the theoretical partial wetting model for the 
static intermediate wetting state based on the 
thermodynamic energy minimization method. Our 
experimental results show good agreement with the 
proposed partial wetting model but deviate significantly 
from the classical Wenzel and Cassie–Baxter models. We 
conclude that the proposed partial wetting model takes 
advantage of describing the static intermediate wetting state 
between fully wetting and non-wetting states for a general 
solid–liquid contact mode. 
Since disagreements between the previous experimental 
results and classical theoretical models existed, our partial 
wetting model is expected to address previous unclear 
issues on wetting. We have confirmed the dependence of 
surface wettability on the physical morphology at both 
micro- and nano/micro hierarchically structured Si surfaces, 
where the solid fraction is one of the dominant factors to 
determine the intermediate wetting state. Since the solid 
fraction is a dimensionless factor, the critical size of the 
surface structure and the valid range of the partial wetting 
model are not addressed in this paper but should be worthy 
of future investigation. 
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ABSTRACT: Wettability on nano/microstructured surfaces is gaining remarkable interest for a 1 
wide range of applications; however, little is known about the effective wetting area of the solid–2 
liquid interface. In this study, the effect of wettability on electrochemical impedance was 3 
experimentally investigated to obtain a better understanding of the effective wetting area. We 4 
demonstrate that the water contact angle decreases significantly at hydrophilic surfaces with denser 5 
nano/microstructures. Based on the analysis of equivalent electrical circuits, we found that the 6 
electrochemical impedance decreases with reducing the water contact angle, showing a 7 
dependence on the effective wetting area, i.e., the real solid–liquid contact area. Also, the charge 8 
transfer resistance at low frequency was found to be the dominant parameter to estimate the 9 
effective wetting area at the solid–liquid interface. 10 
INTRODUCTION 11 
The wettability of solid surfaces has attracted considerable interest since a long period.1-6 A large 12 
number of special wettability materials is being widely used in academic science and industrial 13 
technologies.7-12 Recent advances in microfluidic devices13-16 and biochips17-19 have facilitated the 14 
fabrication of hydrophilicity and super-hydrophilicity at the solid–liquid interface, where the 15 
hydrophilicity and super-hydrophilicity are defined when the water contact angles (WCAs) are 16 
smaller than 90° and 5°, respectively.20 17 
Physical morphology and chemical composition are important factors that control surface 18 
wettability.21-25 For a static droplet on structured surfaces, Wenzel model describes the state in 19 
which the interiors of the surface structures are fully wetted.26 Conversely, the Cassie–Baxter 20 
model describes a completely non-wetted state.27 An intermediate wetting state between the two 21 
classical wetting models, i.e., partial wetting state, has been proposed by Nagayama et al. based 22 
 3 
on the molecular dynamics simulation.28 The effective wetting ratio in the interior of 1 
nano/microstructures is applied to the partial wetting model; this ratio is 1 for the fully wetted state 2 
and 0 for the non-wetted state. However, in many cases, the experimental water contact angles 3 
disagree with either theoretical Wenzel or Cassie–Baxter models29-31 but correspond well with the 4 
partial wetting model for the nano/microstructured surfaces.32,33 The dependence of the static 5 
contact angle on the effective wetting ratio provides evidence that the solid–liquid contact area of 6 
the partial wetting state is larger than that of non-wetted state but smaller than fully wetted state. 7 
In order to clarify the effective wetting ratio, the Фs=Ф+(rw–Ф)f was applied to show the area ratio 8 
of solid–liquid interface to the apparent flat surface, where Ф is the solid fraction, rw is the surface 9 
area increment ratio and f is the effective wetting ratio.33 Фs result in the surface area increment 10 
ratio rw (=Ф+(rw–Ф)×1 (rw ≥ 1)) for the fully wetted state; solid fraction Ф (=Ф+(rw–Ф)×0, (Ф ≤ 11 
1)) for the non-wetted state. Compared with the one-scale structured surface, the solid–liquid 12 
contact area at the hierarchical structured surface change from Фs×A to Фs×Фs×A due to the 13 
similarity between the primary and secondary structures.33 Thus, the solid–liquid contact area at 14 
the hierarchical structured surface increases from rw×A to rw×rw×A at the fully wetted state but 15 
decreses from Ф×A to Ф×Ф×A at the non-wetted state, and depends on the effective wetting ratio 16 
f at the partial wetted state. However, the determination of wetting state and effective wetting ratio 17 
at the structured surface is still not clear, and the study of effective wetting area is open for 18 
questions. 19 
Electrochemical impedance spectroscopy (EIS) is a practical technique applied in numerous 20 
fields, especially in surface science.34-38 EIS provides useful solid–liquid interfacial information 21 
based on the signal response under sinusoidal potential excitation at different frequencies.39-43 In 22 
this work, the effective wetting area at structured surface was studied. Nano/microstructures were 23 
 4 
prepared on aluminum (Al) surfaces and the static contact angles were measured experimentally. 1 
The electrochemical impedance at hydrophilic Al surfaces was evaluated to investigate the solid–2 
liquid contact area. Moreover, the theoretical wetting models were first applied to the equivalent 3 
electrical circuits for the electrochemical impedance analysis to estimate the effective wetting area 4 
at the structured surface. 5 
EXPERIMENTAL SECTION 6 
Sample Preparation. Chemical etching was used to prepare hydrophilic samples with 7 
nano/microstructured surfaces. Al substrates (3003 Al alloy, 20 mm × 15 mm × 0.5 mm) that were 8 
previously polished using sandpaper were ultrasonically cleaned with acetone and ethanol 9 
sequentially for 10 min, and then rinsed in the deionized water (DI). The substrates were then 10 
immersed in 1.25 M NaOH for 10 s to remove the aluminum oxide film from the surface. The 11 
etching process was performed by immersing the cleaned substrates in a 1 M CuCl2 solution for 1, 12 
2, 5, 10, or 20 s at room temperature, where they underwent the reactions shown in Eqs. (1) and 13 
(2). These samples were designated (b)–(f), respectively, with an unetched control sample being 14 
designated (a). 15 
2Al + 3CuCl2 → 3Cu + 2AlCl3 (1) 16 
2Al + 6H+ → 3H2 + 2Al
3+  (2) 17 
Here, Cu2+ reacts with Al via a replacement reaction, resulting in a thin layer of Cu being deposited 18 
on the Al surface. The thin layer of Cu deposition was clearly eliminated by the ultrasonic bath of 19 
the DI water, and only Al was observed on the surface (Figure S1) using X-ray diffraction (D8 20 
ADVANCE, Bruker, Germany).  21 
 5 
The surface morphology was obtained using the scanning electron microscope (SEM, S-3500N, 1 
Hitachi, Japan) and confocal laser scanning microscope (CLSM, LEXT OLS 3000, Olympus, 2 
Japan). Liquid droplets (3.5 wt% NaCl solution) of 5 μL were gently deposited on the sample 3 
surface with a syringe and the side view images of the droplets were obtained with a digital camera 4 
(Figure S2). The average static WCA was determined at six different spots on two sides of each 5 
sample at room temperature. 6 
Electrochemical Measurements. The electrochemical properties of the samples were 7 
investigated by EIS using an electrochemical workstation (CHI660E, CH Instruments, China). The 8 
electrochemical measurements were performed in a three-electrode system comprising a saturated 9 
calomel electrode as the reference electrode, a platinum wire as the counter electrode, an Al sample 10 
with an exposed surface area of 3.9 cm2 (15 mm × 13 mm × 2 sides) as the working electrode, and 11 
a 3.5 wt% NaCl solution as the electrolyte. Prior to the electrochemical measurements, the sample 12 
was immersed in the electrolyte for 60 min to obtain a stable open circuit potential (OCP). A 13 
sinusoidal perturbation signal of 5 mV amplitude was then applied, and the impedance spectra 14 
were recorded at OCP in the frequency range 0.1 Hz–100 kHz using a logarithmic sweep. The 15 
electrochemical data were analyzed with the aid of CHI660E, Zsimpwin, and Zview (Scribner 16 
Associates Inc.) software.  17 
RESULTS AND DISCUSSION 18 
Surface Morphology and Wettability. Figure 1 shows SEM images of the fabricated samples 19 
(a)–(f). Polishing traces can be observed on the bare Al surface, as shown in Figure 1a, and porous 20 
layers containing nano/microstructures are observed on the chemically etched Al surfaces, as 21 
shown in Figures 1b–1f. It seems that increasing the chemical etching time results in denser 22 
 6 
nano/microstructures. After 1 s immersion, several microscale square cavities are generated on the 1 
surface (Figure 1b). When etching time was extended to 2 s and above, the surface morphology 2 
changed drastically and the upper layer of surface is found to have damaged. As etching time 3 
prolonged to 5 s, geometrical microconvex plate structures are formed on the surface shown in 4 
Figure 1d. Furthermore, denser smaller submicro/nano structures start to generated on the top of 5 
microconvex plate (yellow dash circle in Figure 1d) but parts of the surfaces are not etched 6 
completely (red dash circle in Figure 1d). By extending the etching time to 10 and 20 s, the 7 
generated microconvex plate structures were further etched and hierarchically structures were 8 
formed on the surfaces shown in Figures 1e and 1f. 9 
 10 
Figure 1. SEM images of Al surfaces after immersed in a CuCl2 solution for (a) 0, (b) 1, (c) 2, (d) 11 
5, (e) 10, and (f) 20 s. The insets show the side views of water droplets on the structured surfaces.  12 
Side views of droplets are also shown in Figure 1. The WCA for a bare Al surface is 77.29° ± 13 
2.06°, and surface hydrophilicity is enhanced with increasing chemical etching time. The WCA is 14 
(b) (c) 




35.23° ± 0.65° for sample (b), 23.86° ± 1.06° for sample (c), 12.45° ± 1.60° for sample (d), 6.80 1 
± 1.29° for sample (e) and 4.13 ± 0.79° for sample (f). The static contact angle decreases with 2 
increasing chemical-etching time, while the contact radius increases in an opposite manner. 3 
Furthermore, arithmetic surface roughness (Ra) were assessed from the cross-sectional profiles 4 
(Figure S3). The roughness of the surfaces, which is related to wettability, increases with etching 5 
time. The average values of Ra for samples (a)–(f) are 0.254 ± 0.039, 0.809 ± 0.090, 1.002 ± 0.112, 6 
1.942 ± 0.053, 1.969 ± 0.034, and 2.230 ± 0.017 μm, respectively, indicating that denser 7 
nano/microstructures are formed with longer etching time. 8 
Electrochemical Analysis. EIS was used to analyze the interfacial electrical impedance of the 9 
samples. Typical Nyquist plots, which represent impedance as a complex number with its real part 10 
in the x-axis and imaginary part in the y-axis, are shown in Figure 2. The impedance of the bare 11 
Al sample with a WCA of 77.79° is the highest, whereas that of the sample etched for 20 s, which 12 
has a WCA of 4.13°, is the lowest. That is, electrochemical impedance is correlated with 13 
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Figure 2. Nyquist plots for Al surfaces with the contact angle of 77.79°, 35.23°, 23.86°, 12.45°, 1 
6.80°, and 4.13° in 3.5 wt% NaCl solution. 2 
Since the defects or inhomogeneities of the electrode surface cause the capacitance components 3 
deviate from ideal (smooth) pure capacitance, the Nyquist plots shown in Figure 2 change from 4 
semi-circles to semi-ellipses. In order to clarify the effect of effective wetting area on the 5 
electrochemical impedance, an EEC with one time constant shown in Figure 3a and 3b was applied 6 
to analyze the measured EIS data of the flat and fully wetted structured surfaces. Here Rs is the 7 
solution resistance, which is dominated by the electrolyte at a given working electrode surface; Cdl 8 
is the double-layer capacitance related to the surface structure depending on frequency; and Rct is 9 
































Figure 3. Schematic views and equivalent electrical circuits (EECs) for the solid–liquid interfaces 1 
of different samples immersed in NaCl solutions: (a) flat surface, (b) fully wetted structured 2 
surface, (c) non-wetted structured surface, (d) partial wetted structured surface and (e) partial 3 
wetted hierarchically structured surface. 4 
Compared to the EECs shown in Figures 3a and 3b, a capacitance is added to the non-wetting 5 
area, Cnon, as a parallel element for the non-wetted and partial wetted structured surface. Therefore, 6 
the total equivalent impedance is derived from a parallel combination of the wetted area and the 7 
non-wetted area impedances. Figures 3c and 3d show the schematics of solid–liquid interface and 8 
the corresponding EECs of non-wetted and partial wetted one-scale structured surfaces, and Figure 9 
3e shows that of the hierarchically structured surface. Remarkably, under normal temperature and 10 
pressure, the electronic and ionic conductivity of non-wetting area (air or vacuum) is almost 0, 11 
which is much smaller than that of electrolyte (NaCl solution). Thus, the electrons and ions cannot 12 
easily pass through the non-wetting area, resulting in the impedance modulus of non-wetting area 13 




| ). As the total equivalent 14 
impedance dependent on the lower impedance at the parallel circuits, which indicate that the solid–15 
liquid contact area plays dominate role in the impedance measurement. As a result, the EECs of 16 
the non-wetted and partial wetted structured surfaces can be simplified to that shown in Figure 3a. 17 
Considering the defects or inhomogeneities of the samples, a constant phase element (CPE) is 18 
used to fit the non-ideal capacitive behavior instead of the electrical capacitance Cdl, for the one 19 
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 10 
where j is a unit of the imaginary part ( j 1  ), ω is the angular frequency, ω = 2πf (rad/s), n is 1 
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Table 1. Electrochemical data for samples in a 3.5 wt% NaCl solution. 
Samples Rs (Ω·cm2) 
CPE 
Rct (Ω·cm2) 













1.517 × 10−5 
1.201 × 10−4 
6.884 × 10−5 
3.903 × 10−5 
3.888 × 10−5 














The comparison of Nyquist plots simulated by CPE and that of Cdl for bare Al are shown in 5 
Figure 4. The CPE (red line) and Cdl plots (blue line) agree well with the experimental results, and 6 
no significant difference was observed. Table 1 summarizes the data analyzed for each sample. 7 
The value of n can be approximated to 1 with a range of 0.861–0.930. Also, the simulated results 8 
 11 
of CPE and Cdl for the etched samples show tendencies similar to those for the bare Al, which is 1 
in agreement with the experimental results (Figure S4). Thus, the CPE shows capacitor behavior 2 
and can be replaced by Cdl. 3 
As the impedance spectra were recorded in the frequency range of 0.1 Hz–100 kHz, the 4 
influence of frequency on impedance was investigated. At low frequency region, since the 5 
wavelength of the disturb signal is long, the ions, electrons are difficult to penetrate the solid–6 
vapor–liquid interface (blue parts in Figure S5a). The charge only transfers at the solid–liquid 7 
contact area. On the other hand, the wavelength is short at high frequency region (Figure S5b), 8 
ions and electrons are easy to obtain energy, which result in large penetration force. Thus, there is 9 
no significant deviation of charge transfer between the solid–liquid interface and solid–vapor–10 
liquid interface. As a result, the impedance at low frequency region was studied to better clarify 11 
the effective wetting area at the structured surfaces. 12 
 13 






















Based on the EEC shown in Figure 3a, the impedance Z and the modulus of impedance |Z| are 1 
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 (6) 4 
The term (RctωCdl)
2 is small enough to be neglected at low frequency.47 Thus, |Z| is 5 
s ctZ R R  , (7) 6 
where |Z| ≈ Rct if Rs ≪ Rct. Defining Z0 as the impedance of flat bare Al surface (apparent area (A0) 7 
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Table 2. Impedance elements at low frequency and real contact area. 
Samples |Z| (Ω·cm2) Rct (Ω·cm
2) |𝑍Cdl| (Ω·cm
2) Rs (Ω·cm











1.104 × 104 
1.325 × 103 




















4.078 × 103 
4.093 × 103 











Table 2 shows the analysis results based on EIS data for the low frequency of 0.1 Hz. The 2 
impedance modulus |Z| is almost equal to Rct, and Rs is small enough to be ignored. The impedance 3 
of Cdl is large at low frequency; however, it can be ignored because it is a parallel element in the 4 
EECs. We confirm that Rct is the dominant factor for |Z| at low frequency. Furthermore, the real 5 
contact areas for the partial wetting model were estimated and, as shown in Table 2, the effective 6 
wetting area increases with decreasing contact angle. The ratio of the real contact area to the 7 
apparent area for the sample etched for 20 s is close to 1.97 owing to the denser 8 
nano/microstructures, as shown in Figure 1f. As shown in Figure 5, the total impedance modulus 9 
and Rct show a similar correlation with the WCA at low frequency, i.e., a surface with a larger 10 
WCA has a larger impedance and smaller effective wetting area. Moreover, compared to other 11 
elements shown in EECs, Rct is found to be the dominant parameter at low frequency and can be 12 




Figure 5. Effect of contact angle on electrochemical property and real contact area: (a) impedance 3 
modulus and (b) charge transfer resistance (the dotted lines are eye guides). 4 
CONCLUSION 5 
The effective wetting area of the solid–liquid interface at the nano/microstructured surface was 6 
investigated on the basis of the electrochemical impedance analysis in this study. We first applied 7 
































































impedance analysis to estimate the effective wetting area of hydrophilic nano/microstructured 1 
surfaces. The water contact angle decreases significantly at hydrophilic surfaces with denser 2 
nano/microstructures. The electrochemical impedance decreases with reducing water contact angle, 3 
showing a dependence on the effective wetting area at the solid–liquid interface. Also, the charge 4 
transfer resistance at a low frequency is the most important factor to estimate the effective wetting 5 
area at the solid–liquid interface. Further experiments and electrochemical analysis on the effective 6 
wetting area at the hydrophobic nano/microstructured surfaces are now under investigation. 7 
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ABSTRACT
Hot-spots are a common occurrence in power electronics which become increasingly hotter
as chips become denser. Novel cooling technologies are emerging to cope with this increas-
ing heat load, which imbed a condenser to supply cooling drops to the evaporator resting
on the hot-spots. Nonetheless, the evaporation process of the drops has been overlooked.
Here, we conducted a series of experiments to understand how the evaporation and motion
of drops are influenced by the wetting mode of rough hot-spot. We fabricated three differ-
ent surfaces exhibiting full (Wenzel) or partial (Cassie–Baxter) wetting and the hot-spot is
imposed by laser irradiation. We report a direct link between drop motion and wetting
mode with the partial wetting drops being highly mobile, attributable to the lowest pinning
energy and interpret based on an energy analysis. This study provides a framework for
future modifications in hot-spot cooling to account for drop motion which should greatly
influence the overall heat removal performance.
Introduction
Electronic microchips are becoming more densely
integrated due to miniaturization. However, increasing
the density of the microchips has resulted in greater
local generation of heat, also known as hot-spots, that
cannot be removed with conventional air-cooling
methods [1, 2]. Drop evaporation is capable of remov-
ing large amounts of heat and has been proposed in
emerging cooling technologies [3–7]. However, the
evaporation process of drops on hot-spots is far from
understood as it is a complex problem combining the
non-trivial issues of evaporation dynamics and wetting
of drops which may be influenced by parameters such
as surface softness [8] or surface roughness [9, 10]
with the heating power effect of the hot-spots [11]. In
what follows, we will mainly focus on the role of sur-
face roughness on the evaporation process and the
contact line (CL) motion kinetics of drops on rough,
hydrophobic hot-spots.
Rough surfaces can be fabricated by patterning a
surface with either periodic, e.g., micropillars [12], or
random [13] topological characteristics, resulting in
tunable surface adhesion properties. Surface adhesion
infers to the ability of the surface to hinder the
motion of the drops and mainly depends on how the
roughness features are wetted. When the liquid
fully penetrates the roughness features, the CL has to
overcome the energy barrier imposed by the features
rendering the surface “sticky”, as described by
Wenzel [14]. On the other hand, should the liquid
partially wet the surface asperities, then the surface
features impose a very small energy barrier rendering
the surface “slippery”, as described by Cassie and
Baxter [15]. Great scientific effort has focused on the
fabrication [13, 16, 17] and the wetting properties of
these surfaces [18–21].
The relation between wetting properties of rough
surfaces and the natural evaporation kinetics of liquid
drops is considerably understood [21–25]. However,
the influence of heating these surfaces on drop evap-
oration kinetics remains elusive, with only a limited
number of works [26–30]. This lack of information
becomes increasingly important in emerging cooling
technologies, where a specially designed condenser
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provides drops to the hot-spot via coalescence-
induced jumping drops [3, 4].
In this contribution, we investigate how the kinetics
of evaporation and CL motion of water drops on
rough hot-spots are influenced by the wetting mode
of the surface. In particular, we fabricated a series of
surfaces with varying roughness which resulted in dis-
tinct wetting regimes: partial or full wetting. To
uncouple the relation between wetting and evapor-
ation kinetics on hot-spots we used a combination of
an optical camera to record the change in the shape
of the drops from the side and an infrared camera
from the top to follow the CL motion with high con-
trast. We report strong pinning in the full wetting
cases which highly deforms the CL and mobile drops
in the case of partial wetting. Energy analysis of each
drop provided the necessary information on the
underlying pinning mechanism. Our results will pro-
vide the necessary information on the overlooked part




In this study, pure aluminum surfaces (Al 1100,
20mm  20mm  0.5mm) were used with initial
surface roughness of 0.254 ± 0.039 lm. The surfaces
were polished with sandpaper (320, 600, 1000, FUJI
STAR) and cleaned in an ultrasonic bath of acetone
and ethanol solutions for 10min separately and rinsed
with deionized (DI) water. The clean substrates were
etched by anodizing them at a constant voltage of
20V in 8% H2SO4 solution at room temperature for
2 h, 4 h, and 6 h, respectively, to obtain different sur-
face roughness. After etching, each surface was rinsed
with DI water, dried under a stream of compressed
air for 20 s and was subsequently sprayed with water-
repellent fluoro-resin and left to dry at room tempera-
ture for more than 12 h.
Surface characterization
A confocal laser scanning microscopy (CLSM,
Olympus-LEXT OLS 3000) was employed to study the
morphological features of the surfaces. CLSM micro-
graphs of the test surfaces are shown in Figure 1.
Insets show the shape of 10 lL of DI water drops on
each surface, captured by a charge-coupled device
(CCD) camera. Surface characterization information is
summarized in Table 1. Surfaces are labeled as S refer-
ring to surface and 2 h, 4 h, 6 h representing the etch-
ing time. Longer etching time, results in rougher
surfaces and higher contact angles, as reported previ-
ously [31].
Evaporation on hot-spots experiments
The experimental setup is shown in Figure 2. In par-
ticular, 10lL DI water drops were gently deposited
on the surfaces with a micropipette, for accurate dos-
age. The evolution of drop shape (apparent contact
angle, h, and radius, R) was followed by a Sentech
STC-MC152USB CCD camera from the side. To pre-
cisely follow the motion of the CL, we placed an FLIR
SC4000 mid-infrared (IR) camera (spectral range from












































































































A horizontal projected area [m2]
Apillar area of pillar tops [m
2]
CB Cassie–Baxter
CCA constant contact angle
CCD charge-coupled device
CCR constant contact radius
CL contact line
CLSM confocal laser scanning microscopy
DI deionized
IR infrared
f wetted solid fraction
h height of the microstructures [mm]
r roughness factor
R contact radius [mm]
Ra surface roughness [mm]
SS stick-slip
S–2hr surface–2hr etching time
S–4hr surface–4hr etching time
S–6hr surface–6hr etching time
t evaporation time [s]
t0 drop lifetime [s]
Greek symbols
dG excess free energy per unit length [N/m]
clg surface tension of water [N/m]
h contact angle []
ha apparent contact angle []
hadv advancing angle []
hrec receding angle []
hY Young’s contact angle []
hWa Wenzel contact angle [
]
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which provided high contrast between water and sub-
strate. Hot-spots of constant power were imposed by
heating each substrate from below with an Integra-
MP-3022 diode laser (808 nm wavelength, Spectra-
Physics), operated under continuous wave mode at
1.9W as measured by a laser meter (Vega, Ophir
Optronics Solutions Ltd.). Exemplary infrared images
of each hot-spot and the approximate position of the
drops are shown in Figure 3. Each experiment was
conducted 10 times for reproducibility, inside an
environmental chamber to control temperature and
relative humidity at 18.0 ± 1.0 C and 40 ± 10%.
Result and discussion
Drop evaporation
Initially, we conducted evaporation experiments on
each surface fabricated without heating which should
act as a reference point to better understand the influ-
ence of the hot-spots on the evaporation process and
CL motion kinetics. Figure 4 shows the evolution of
the contact radius and the contact angle as a function
of time (t) normalized by drop lifetime (t0), i.e., t/t0,
of water drops on the non-heated surfaces with
increasing roughness from top to bottom. In the
smoothest (S–2hr) case, the drop evaporates under the
constant contact radius (CCR) regime with decreasing
contact angle until ca. 75% of its lifetime as the
dashed line shown in Figure 4. As the contact angle
reaches about 65, the evaporative behavior shifts to
constant contact angle (CCA) regime which continues
until full evaporation. The drop on the (S–4hr) case
evaporated under CCR regime for ca. 60% of its life-
time as indicated by the dashed line in Figure 4. After
this point, the CL depins and evaporation continues
under a combination of decreasing contact angle and
radius, also known as mixed regime. On the roughest
surface (S–6hr), however, the contact radius and the
contact angle decreases continuously until a stick-slip


























































































































S–2hr 2 0.719 ± 0.038 124 ± 3 132 ± 4 91 ± 3 41 ± 2
S–4hr 4 1.114 ± 0.038 130 ± 3 141 ± 2 109 ± 3 32 ± 3
S–6hr 6 2.761 ± 0.038 150 ± 3 154 ± 3 137 ± 2 17 ± 2
Figure 1. Top row shows CLSM images of the surfaces etched for (a) 2 h, (b) 4 h, and (c) 6 h. Insets are optical micrographs of
water drops depicting the contact angles on each surface. Bottom row depicts the corresponding cross-sectional profiles of
each surface.
Figure 2. Schematic illustration of the experimental setup.
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highlighted by the dashed line in Figure 4. The above
different evaporation behaviors indicate potentially
full wetting the first two cases, as described by
Wenzel [14], and partial wetting in the roughest case,
described by Cassie and Baxter [15].
The evaporative behavior of drops under localized
heating differs from the non-heated ones. In Figure 5,
we present the evolution over normalized time of the
contact radius and the contact angle of water drops
on hot spots with increasing roughness from top to
bottom. On the smoother surface (S–2hr), the drop
evaporates for ca. 80% of its lifetime, under the CCR
regime with decreasing contact angle. Once the con-
tact angle reaches a critical low value, the CL jumps
to the next energetically favorable position similarly to
SS evaporation, which can be observed as a simultan-
eous sharp increase in contact angle and decrease in
contact radius [32–34]. In the middle roughness case,
(S–4hr), the drop exhibits a similar evaporative behav-
ior, albeit for a faster transition to SS regime at ca.
65% of drop lifetime. It is worth noting that in con-
trast to the cases of S–2hr and S–4hr hot-spots, no
evident CL jumps can be found for non-heated drops
evaporating on the same surfaces. This can be attrib-
uted to the fact that heating provides enough energy
for the drops to overcome the pinning energy barrier.
Nonetheless, further increasing surface roughness
leads to a new evaporative behavior. The drop on the
roughest (S–6hr) evaporates until ca. 54% of lifetime
under the CCA regime when a transition to SS evap-
oration occurs. In comparison to the non-heated
S–6hr case, the number of CL jump increases when
the drops evaporate on the S–6hr hot-spot. In what
follows, we further probe CL motion behavior directly
above the drop, followed with an IR camera for
increased solid–liquid contrast.
CL motion kinetics on hot-spots
Figure 6 presents a schematic illustration of the top-
view drop profiles over time for each hot-spot, captured
with an IR camera for better liquid–solid contrast. The
dashed lines represent the approximate profiles of CL
after each rapid contraction or jump. Notably, the outer
dashed line corresponds in each case to the initial stage
of evaporation. Moreover, water is opaque to the spec-
trum of our IR camera and h> 90, hence the actual
CL should be slightly smaller.
In Figure 6(a), it is readily apparent that the CL in
the S–2hr hot-spot is highly deformed by the surface
asperities after each jump. In a similar, although
weaker, fashion the CL of the drop evaporating on the
S–4hr is deformed with a strong preferential pinning
to one side, as shown in Figure 6(b). In addition, both
drops exhibit a preferential one-sided pinning which











































































































Figure 3. Infrared micrographs of each hot-spot used in this study. Dashed lines correspond to the initial contact line.
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the CL of drop evaporating on S–6hr appears to jump in
a concentric fashion, indicating a weak solid–liquid inter-
action/pinning, as depicted in Figure 6(c). The analysis
above suggests that the deviation in evaporative behavior
between each surface presented above could be attributed
to different wetting states. The drops on S–2hr and
S–4hr should completely wet the surfaces, as reported
previously by Wenzel [14]. On the other hand, the rough
asperities of the S–6hr case allow air to be trapped
between the solid and the liquid resulting in
Cassie–Baxter or partial wetting [15]. In what follows, we
will attempt to validate the wetting mode in each surface.
Each CL motion behavior above can be categorized
according to the wetting mode on each surface. The
strong pinning behavior on S–2hr and S–4hr hot-
spots is indicative of full wetting which we verified
using the Wenzel criterion [14]: coshWa ¼ rcoshY;
where hWa is the Wenzel contact angle, hY  115

is
the Young’s contact angle of a water drop on a
smooth fluoro-resin surface. r is defined as the ratio
of the true surface area to its horizontal projection





the height of the surface microstructures, h, obtained
from the CLSM images and Apillar,i the area of the pil-











































































































Figure 4. Evolution of the apparent contact angle, h, (right
axis) and contact radius, R, (left axis) as a function of normal-
ized time, t/t0, for pure water drops evaporating on non-heated
surfaces with increasing roughness from top to bottom. Dashed
lines show the moment of the transition of evaporation modes.
Figure 5. Evolution of the apparent contact angle, h, (right
axis) and contact radius, R, (left axis) as a function of normal-
ized time, t/t0, for pure water drops evaporating on hot-spots
with increasing roughness from top to bottom. Dashed lines
show the moment of the first jump.
Figure 6. Schematic illustration of contact line location over
time on (a) S–2hr, (b) S–4hr, and (c) S–6hr after each jump.
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On the other hand, the contact angle of S–6hr only
obeys the Cassie–Baxter criterion given by [15]:
coshCBa ¼ f 1þ coshYð Þ  1; where hCBa is the
Cassie–Baxter contact angle and f is the wetted solid
fraction and is extracted from the microscopy images.
With knowledge of the wetting mode of each sur-
face, we may now focus on the CL motion in each
case. We plot in Figure 7 the total number of CL
jumps observed from above, the average CL displace-
ment and velocity as a function of roughness. Notably,
we discern that each quantity decreases with increasing
surface roughness. In other words, as the wetting state
shifts from Wenzel to Cassie–Baxter the drop becomes
more mobile, which results in a smaller number of CL
jumps and smaller CL displacement/velocity.
Energy analysis
In order to better understand the observed motion kin-
etics presented above, let us calculate the excess free
energy of the drops on each surface, prior to the first
CL jump. This energy should be roughly equal to the
pinning energy barrier for the jump to ensue. We used
the simple expression derived by Shanahan [33] which
considers a sessile drop deviating from Young’s equilib-
rium shape as it evaporates with pinned CL. Resultant
excess free energy per unit length, dG; of the drop can
then be written, in terms of h; as [37]: dG ¼ clgRðdhÞ
2
2ð2þcoshaÞ ;
where clg is the surface tension of water and dh is the
deviation in h from the initial one.
Figure 8 depicts the excess free energy for the first CL
jump as a function of roughness for each hot-spot. It is
readily apparent that the pinning barrier acting on the
drops evaporating in a fully wetting/Wenzel state is almost
an order of magnitude higher than the partial wetting/
Cassie–Baxter case. This fact could be interpreted by the
smaller solid–liquid contact area in the CB case, leading to
weaker adhesion. It is clear that due to the higher pinning
barriers in Wenzel surfaces, the drops evaporate in CCR
mode with pinned CL for a relatively longer time until
the first jump as in Figure 5. Furthermore, a larger devi-
ation from equilibrium due to a stronger pinning leads to
greater and faster CL motion as shown in Figure 7 [37].
Conclusions
In this study, the evaporation process and the











































































































Figure 7. (a) Total number of jumps, (b) average displacement
and (c) average velocity of contact line as a function of surface
roughness for each hot-spot.
Figure 8. Excess free energy as a function of roughness for
each hot-spot.
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locally heated surfaces, also known as hot-spots,
with different degrees of roughness were studied.
Drops evaporating on hot-spots were found to be
more mobile due to the extra energy provided by
heating, which allows to overcome even the stronger
pinning on the surface exhibiting Wenzel wetting
mode. To support this claim, first, we calculated
numerically that the two smoother surfaces exhibited
Wenzel or full wetting whereas the rougher one
showed Cassie–Baxter or partial wetting. Then, we
derived the excess surface energy of each drop which
provided necessary insight into the actual pinning
mechanism and interpreted the observed drop
motion behaviors. Our results will provide guide-
lines for the practical application of proposed novel
cooling technologies for high-heat flux systems such
as microelectronics. In these technologies, drops
coalesce and jump (to minimize their energy) from
the condenser surface to the hot-spot, where drops
must remain mobile in order to be constantly
replenished and hence remove more heat than
pinned ones, which may grow large enough to act as
thermal insulators.
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